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A major  o b s t a c l e  t o  t h e  c o n s i d e r a t i o n  o f  a l u n a r  l a n d i n g  

rade approaches  i n  t h e  l u n a r  morning, has been t h e  u n c e r t a i n t y  i n  
he e f f e c t  o f  g l a r e  on t h e  v i s i b i l i t y  o f  l u n a r  s u r f a c e  o b s t a c l e s .  

v sun ,  such  as a d e s c e n t  i n  t h e  l u n a r  a f t e r n o o n  o r  p o s i -  

g l a r e  model i s  used  i n  t h i s  p a p e r  t o  i n v e s t i g a t e  t h e  
i n  scene  c o n t r a s t  b rought  abou t  b y  t h e  two main c o n t r i b u t o r s  

d i r e c t  s o l a r  d a z z l e  i n  the a s t r o n a u t ' s  eyes and l i g h t  
by  any LM RCS exhaus t  r e s i d u e  on t h e  forward  window. 

Dazz le  i s  computed w i t h  t h e  a i d  o f  an e m p i r i c a l  e q u a t i o n  r e p r e s e n t i n g  
t h e  ave rage  r e s u l t s  o f  s e v e r a l  e x p e r i m e n t a l  s t u d i e s .  The s c a t t e r  

made of' the LIvI RCS r e s i d u e  a t  MSC i n  1 9 6 6 .  

u, i s  found 
t h e  lower bound f o r  t h e  f r a c t i o n  

t h a n  10%. 

E 
It  i s  c o n s e r v a t i v e l y  assumed t h a t  t h e  v i s i b i l i t y  of  0 . 5  

wide o b s t a c l e s  n e a r  t h e  l a n d i n g  p o i n t  w i l l  be  a c c e p t a b l e  
w i t h  g l a r e  o f  a 10' s l o p e  i s  0 . 0 7  or above. W1t.h 

c o n t r a s t  l e v e l s  are  u n a c c e p t a b l e  for low forward  
( l e s s  t h a n  2 0 ° ) ,  even i f  t h e  e y e  i s  s h i e l d e d  from 
f o r  low v a l u e s  o f  u .  A t  s u n  e l e v a t i o n s  o f  20° t o  

6 0 0  c o n t r a s t  l e v e l s  w i thou t  d a z z l e  are q u i t e  good f o r  u less  t h a n  
'1.5% ( t h r e e  times t h e  MSC measurement) .  

as 1 0 %  if t h e  a s t r o n a u t ' s  eyes  are s h i e l d e d  from t h e  sun .  
e l e v a t i o n s ,  a n  approach  azimuth t o  t h e  r i g h t  o f  180" 
the  a s t r o n a u t s )  does  n o t  improve c o n t r a s t  s i g n i f i c a n t l y ,  b u t  employ- 
ment of an  azimuth 20° t o  30" t o  t h e  l e f t  r e s u l t s  i n  e x c e l l e n t  

1 

A t  h i g h  forward  sun  e l e v a -  
I t i o n s  ( 4 0 °  t o  6 0 ° )  c o n t r a s t  l e v e l s  remain a c c e p t a b l e  f o r  u as h i g h  For a l l  

(as  s e e n  by  
I 

SEE REVERSE S I D E  FOR D l S T R l B U T l O W  L I S T  
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ABSTRACT ( c o n t d .  ) 

c o n t r a s t  due t o  b lockage  of  s u n l i g h t  b y  t h e  LM s t r u c t u r e .  I n  t h i s  
c a s e  and even  i n  a d e s c e n t  d i r e c t l y  i n t o  t h e  sun  ( e x c e p t  f o r  t h e  
ve ry  w o r s t  c a s e  v a l u e s  o f  0) t h e  range o f  sun  a n g l e s  p r o v i d i n g  good 
v i s i b i l i t y  i s  th ree  t o  f i v e  t imes t h a t  a v a i l a b l e  i n  t h e  p r e s e n t  
l a n d i n g  a t  l u n a r  dawn. This could  p r o v i d e  launch  o p p o r t u n i t i e s  
t o  t h e  same l u n a r  l a n d i n g  s i t e  f o r  as many as th ree  s u c c e s s i v e  
d a y s .  

To minimize t h e  amount of s u n l i g h t  e n t e r i n g  t h e  LM, 
i t  i s  recommended t h a t  t h e  LM P i l o t ' s  window b e  covered d u r i n g  
a l a n d i n g  a g a i n s t  t h e  sun ,  i f  t h i s  i s  o p e r a t i o n a l l y  f e a s i b l e .  
A l so ,  i f  a 2Oo-3O0 l e f t  a z i m u t h  cannot  be  employed, t h e  u p p e r  
p o r t i o n  o f  t h e  Commander's window s h o u l d  b e  shaded down t o  t h e  
h o r i z o n ,  and i n  any l a n d i n g  approach t h e  f a r  l e f t  s i d e  of t h e  
Commander's window shou ld  be covered t o  b l o c k  r e f l e c t e d  g l a r e  
from t h e  LM RCS quad mounted o u t s i d e .  
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1 . 0  I N T R O D U C T I O N  A N D  CONCLUSIONS 

The p r e s e n t  l u n a r  mis s ion  d e s i g n  r e q u i r e s  a l a n d i n g  
a t  l u n a r  dawn w i t h  t h e  sun behind t h e  LM and between 6 and 20 
d e g r e e s  above t h e  h o r i z o n .  The c h o i c e  o f  t h i s  r ange  of  sun  
a n g l e s  i s  t h e  r e s u l t  of  s e v e r a l  s t u d i e s  o f  l u n a r  l i g h t i n g  con- 
d i t i o n s ,  a l l  of which show t h a t  a wash-out r e g i o n  e x i s t s  f o r  
sun  a n g l e s  e x t e n d i n g  from roughly 4 O  below t h e  l i n e - o f - s i g h t  
t o  20° or more above and some 10' t o  e i t h e r  s i d e .  I n  t h i s  
r e g i o n  c o n t r a s t  d i f f e r e n c e s  between s u r f a c e  f e a t u r e s  a re  p rac -  
t i c a l l y  n i l .  

The s t u d i e s  a l s o  show t h a t  r e a l l y  e x c e l l e n t  c o n t r a s t  
i s  p o s s i b l e  i n  any approach where t h e  sun  i s  a g a i n  low i n  t h e  
sky b u t  now i n  f r o n t  o f  t he  LM i n s t e a d  o f  beh ind  i t .  Such a 
s i t u a t i o n  would o c c u r  i n  a )  a l u n a r  a f t e r n o o n  l a n d i n g ,  b l  a 
"but tonhook" approach  where the  LM o v e r s h c o t s  the l a n d i n g  s i t e  
and r e t r a c e s  i t s  p a t h ,  or c >  i n  a p o s i g r a d e  l u n a r  o r b i t  and 
approach  a t  l u n a r  dawn. I n  t h i s  pape r ,  f o r  c o n c i s e n e s s ,  a l l  
such t r a j e c t o r i e s  w i l l  b e  c a l l e d  "S i~n  head! '  landings and. abre- 
v i a t e d  SA, whi le  t h e  p r e s e n t  approach  w i l l  b e  r e f e r r e d  t o  as 
a "Sun Behind" l a n d i n g ,  abrevia ted  SB. 

The  c l a r i t y  o f  s u r f a c e  t e x t u r e  i n  a Sun Ahead l a n d i n g  
would b e  even b e t t e r  t h a n  w i t h  t h e  sun behind  t h e  LM, and s u r -  
f a c e  d e t a i l s  down range  o f  t h e  l a n d i n g  s i t e  would n o t  be washed- 
o u t  as t h e y  i n e v i t a b l y  are w i t h  t h e  p r e s e n t  r ange  o f  sun  a n g l e s .  
The l u n a r  s u r f a c e  would appear  darker t h a n  i n  t h e  SB approach ,  
b u t  would s t i l i  De a c c e p t a b l y  b r i g h t .  

I n s o f a r  as these c o n s i d e r a t i o n s  are concerned an  ap- 
p roach  a g a i n s t  t h e  sun would b e  a t  l e a s t  as advantageous as t h e  
p r e s e n t  approach  and i t s  accep tance  i n  t h e  form o f  an  a f t e r n o o n  
l a n d i n g  would double  the  number o f  launch  o p p o r t u n i t i e s  p e r  
month t o  a g i v e n  s i t e .  There are s e v e r a l  o b j e c t i o n s  t o  a n  a f t e r -  
noon approach ,  among them such problems as t h e  g e n e r a l l y  h i g h e r  
s u r f a c e  t e m p e r a t u r e  and the  t i m e  l i m i t  p l a c e d  on l u n a r  s t a y t i m e  
b y  s u n s e t .  But a major  f a c t o r  has been t h e  u n c e r t a i n t y  i n  t h e  
v i s u a l  e f f e c t  of t h e  g l a r e  from d i r e c t  s u n l i g h t  on the  LM Com- 
mander ' s  window and i n  h i s  eyes. 



* -  BELLCOMM, INC. 

. 

- 2 -  

1.1 Study Summary 

. 

Glare e f f e c t s  d u r i n g  t h e  LM d e s c e n t  and t h e  accom- 
panying  d e g r a d a t i o n  of v i s i o n  a r e  t h e  s u b j e c t  o f  t h i s  s t u d y .  
The word "glare" i s  a b. lanket  d e s i g n a t i o n  f o r  a l l  e x t r a n e o u s  
l i g h t  which is i n t r o d u c e d  i n t o  t he  l i n e  o f  s i g h t ,  whether  i n -  
d i r e c t l y  by r e f l e c t i o n  o r  s c a t t e r  from e x t e r n a l  s u r f a c e s  or 
d i r e c t l y  by d a z z l e  from a b r i g h t  l i g h t  i n  the  f i e l d  o f  view. 
Both t y p e s  o f  g la re  are a ve ry  r e a l  problem as can be  a t t e s t ed  
by anyone who h a s  d r i v e n  a c a r  w i t h  a d i r t y  w i n d s h i e l d  toward 
t h e  s e t t i n g  or r i s i n g  sun .  

I n  o r d e r  t o  p r o v i d e  a p r o p e r  b a s i s  f o r  t h e  d i s c u s s i o n  
of g l a r e ,  S e c t i o n  2 o f  t h i s  r e p o r t  i s  t a k e n  up w i t h  a g e n e r a l  
d i s c u s s i o n  o f  t h e  d i f f e r e n c e s  i n  t h e  l u n a r  t e r r a i n  l i g h t i n g  
between SS and SA Landings and o f  t h e  s t r u c t u r e  of' t h e  LM i n -  
s o f a r  as i t  a f f e c t s  t h e  a s t r o n a u t ' s  v i s i o n .  Some o p e r a t i o n a l  
changes t o  e l i m i n a t e  p o t e n t i a l  s o u r c e s  o f  g l a re  i n  t h e  l a n d i n g  
approach  are  d i s c u s s e d  b e i e f l y .  

S e c t i o n  3 b e g i n s  w i t h  a c a l c u l a t i o n  o f  t h e  c o n t r a s t  
under  g l a r e  c o n d i t i o n s  and a d e f i n i t i o n  of  t h e  r e l a t i v e  con- 
t r a s t ,  o r  r a t i o  o f  c o n t r a s t  w i t h  g l a r e  t o  c o n t r a s t  w i t h o u t  
g l a r e ,  which i s  t h e  p r i n c i p a l  c o n t r i b u t i o n  o f  t h i s  s t u d y .  I n  
S e c t i o n  3 . 2  a su rvey  o f  t h e  expe r imen ta l  work on d a z z l e  i s  
c a r r i e d  o u t  i n  o r d e r  t o  s e l e c t  a n  e m p i r i c a l  e q u a t i o n  f o r  d a z z l e  
i n  t h e  g l a re  model. S c a t t e r  g l a r e  from t h e  commander's window 
i s  t a k e n  up i n  S e c t i o n  3 .3 ,  beginning  w i t h  a c o n s i d e r a t i o n  of  
t h e  p o s s i b l e  s o u r c e s  o f  window con tamina t ion .  The p r i n c i p a l  
contaminant  o f  t h o s e  cons ide red  i s  r e s i d u e  from t h e  LM R C S  

A t h e o r e t i c a l  model for t h e  s c a t t e r  i s  n e x t  deve loped ,  based 
on c l a s s i c a l  d i f f r a c t i o n  and g e o m e t r i c a l  o p t i c s .  T h i s  model 
i s  f i t t e d  t o  data  from a MSC r e s i d u e  d e p o s i t i o n  exper iment  
i n  o r d e r  t o  d e r i v e  a r e a l i s t i c  r ange  o f  v a l u e s  f o r  t h e  p r i n -  
c i p a l  pa rame te r s  o f  t h e  s c a t t e r i n g  model, p r i m i r i l y  t h e  s c a t t e r i n g  
c o e f f i c i e n t ,  U ,  t h e  f r a c t i o n  o f  t h e  window covered  b y  s c a t t e r e r s .  
The development of  t h e  s c a t t e r  model i s  completed w i t h  t h e  con- 
s i d e r a t i o n  o f  t h e  amount o f  s c a t t e r  due t o  l i g h t  r e f l e c t e d  from 
t h e  l u n a r  s u r f a c e  ( a  secondary  s o u r c e ) ;  t h i s  i s  found t o  b e  i n -  
s i g n i f i c a n t .  I n  S e c t i o n  4 t h e  c h a r a c t e r i s t i c s  o f  t h e  complete  
g l a r e  model a re  i n v e s t i g a t e d  and t h e  e r r o r  caused  by t h e  r ange  
i n  t h e  s c a t t e r  model parameters  and t h e  u n c e r t a i n t y  i n  t h e  d a z z l e  
fo rmula  i s  estimated. F i n a l l y ,  i n  S e c t i o n  5 t h e  r e s u l t s  o f  t h i s  
s t u d y  are compared w i t h  t h e  conc lus ions  o f  s e v e r a l  e a r l i e r  s t u d i e s  
which have some b e a r i n g  on t h e  LM g l a r e  problem. 

- T - . - -  -.-2 L L -  i-.--..- - - - - - - + a A m  - 0  C L ~ -  nmn:a..n n v r ~  m~y7:ny. ,ma 
y ~ u i i i c ,  aiiu b i i c  A i i w w I i  piupLiuLcIo  V I  U L A A U  L ~ U I U U -  U L U  I - W L - ~ ~ ~ ~ . .  

1 . 2  Study R e s u l t s  and Recommendations 

I n  a Sun Ahead l a n d i n g  l u n a r  s u r f a c e  c o n t r a s t ,  under  
c e r t a i n  c o n d i t i o n s ,  meets o r  exceeds l e v e l s  which have been  
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proposed  t o  p r o v i d e  minimum a c c e p t a b l e  v i s i b i l i t y  f o r  a l u n a r  
l a n d i n g  ( 4 . 1 ) .  * 

For  the  r ange  of  s u n  e l e v a t i o n s  from 20° t o  60°  above 
t h e  fo rward  h o r i z o n  ( the  normal v a l u e s  f o r  an  a f t e r n o o n  l a n d i n g )  
c o n t r a s t  i s  q u i t e  good, as good as f o r  a sun  angle 2' o r  3O 
below the l i n e  of s i g h t ,  i f  t h e  a s t r o n a u t ' s  e y e  can be s h i e l d e d  
from d i r e c t  s u n l i g h t  and i f  t h e  s c a t t e r i n g  c o e f f i c i e n t ,  a ,  i s  
less t h a n  1.5%. If u i s  as h igh  as 10% o r  i f  t h e  s u n  s h i n e s  
d i r e c t l y  i n  t h e  e y e ,  s cene  c o n t r a s t  i s  s t i l l  m a r g i n a l l y  accep- 
t ab le  f o r  sun  e l e v a t i o n s  n e a r  40°. A t  h i g h e r  sun  e l e v a t i o n s  
t h a n  40° a c c e p t a b l y  h igh  c o n t r a s t s  are p o s s i b l e  even i f  a i s  
as much as 1 0 %  b u t  n o t  if d i r e c t  s u n l i g h t  s t r i k e s  t h e  e y e .  
A t  s u n  e l e v a t i o n s  less t h a n  20°, scene  c o n t r a s t  i s  t o o  degraded 
by s c a t t e r  g l a r e  t o  be  a c c e p t a b l e ,  e x c e p t  f o r  low v a l u e s  o f  a ,  
even i f  t h e  e y e  i s  s h i e l d e d  f r o m  t h e  sun  ( 4 . 1 ) .  

A t  any sun  e l e v a t i o n ,  a n  approach azimuth t o  t h e  
r i g h t  of  180° (as  s e e n  b y  t h e  a s t r o n a u t s )  does n o t  improve con- 
t r a s t  s i g n i f i c a n t l y  ove r  t h a t  a v a i l a b l e  a t  180" ;  however, e m -  
ployment o f  an  azimuth 20° to 30° t o  t h e  l e f t  r e s u l t s  i n  ex- 
c e l l e n t  c o n t r a s t ,  e s p e c i a l l y  at low sun a n g l e s ,  s i n c e  t h e  LM 
fo rward  beam t h e n  b l o c k s  t h e  s u n l i g h t  from t h e  Commander's 
window and e y e  ( F i g u r e s  5 and 1 7 ) .  The r ange  o f  sun  a n g l e s  
p r o v i d i n g  good s c e n e  c o n t r a s t  i s  much wider  i n  t h i s  t y p e  o f  
l a n d i n g  t h a n  i n  a SB l a n d i n g  and, depending on u, may s t i l l  b e  
as much as 3 t o  5 times w i d e r  t h a n  i n  a SB l a n d i n g ,  even i f  
t h e  s u n  i s  n o t  b locked  from t h e  window. T h i s  w i d e r  band o f  
s u n  a n g l e s  cou ld  a l l o w  launch  windows t o  a s i n g l e  l a n d i n g  s i t e  
f o r  as many as t h r e e  s u c c e s s i v e  days  (4.1). 

Five  p o t e n t i a l  s o u r c e s  of  g l a r e  which will a f f e c t  
t he  c o n t r a s t  l e v e l s  have been i s o l a t e d  i n  t h i s  s t u d y .  They 
a re  : 

O S o l a r  Dazzle 

For  t h o s e  v e h i c l e  o r i e n t a t i o n s  which are s u c h  t h a t  
t h e  s u n  may s h i n e  d i r e c t l y  i n  t h e  a s t r o n a u t ' s  e y e ,  s o l a r  
d a z z l e  g e n e r a l l y  I s  a more i m p o r t a n t  s o u r c e  o f  g l a r e  than 
i s  s c a t t e r  ( 4 . 1 ) .  However, even i f  no pre-miss ion  pro-  
v i s i o n  were made a g a i n s t  d a z z l e ,  t he  a s t r o n a u t ' s  au to -  
m a t i c  r e a c t i o n  would b e  t o  a t t e m p t  t o  s h i e l d  h i s  eyes 
i n  some manner; t h u s  i t  i s  u n r e a l i s t i c  to r e j e c t  a p a r -  
t i c u l a r  l u n a r  l a n d i n g  approach s o l e l y  because  of  t h e  
p o t e n t i a l  d e g r a d a t i o n  of  v i s i o n  due t o  t h i s  s o u r c e  o f  
glare  ( 3 . 2 ) .  A s  an o p e r a t i o n a l  s o l u t i o n ,  i t  i s  recom- 
mended t h a t  t h e  approach  p a t h  be ma in ta ined  20' to 30° 

*The numbers i n  p a r e n t h e s e s  r e f e r  t o  t h e  s e c t i o n  which 
ampl i f ies  t h e  d i s c u s s i o n  o r  s u p p o r t s  the  c o n c l u s i o n s  g i v e n .  
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. or more t o  t h e  l e f t  (as s e e n  by  t h e  a s t r o n a u t s )  o f  t h e  
eye-sun l i n e  s o  t h a t  t h e  LM s t r u c t u r e  w i l l  b l o c k  the  
s u n l i g h t  from t h e  commander's e y e .  Fur thermore ,  i f  i t  
i s  c o n s i d e r e d  feasible,  the  uppe r  p o r t i o n  of t h e  com- 
mander 's  window might be shaded down t o  t h e  h o r i z o n ,  
l e a v i n g  t h e  lower  p o r t i o n  c l e a r .  This would e n a b l e  an  
approach  d i r e c t l y  a g a i n s t  t h e  sun  ( 2 . 1 ) .  

O S o l a r  Sca t t e r  

The c h a r a c t e r i s t i c s  o f  s c a t t e r  g lare  ( s u n l i g h t  
s c a t t e r e d  from any LM RCS e x h a u s t  r e s i d u e  on t h e  com- 
mander 's  window) are dependent  upon three  parameters of  
t h e  LM-RCS e x h a u s t  r e s i d u e :  t h e  i n d e x  of r e f r a c t i o n ,  nS, 
o f  t h e  s c a t t e r i n g  p a r t i c l e s  i n  t h e  r e s i d u e ;  t h e  mean 
d i  ame t e r 
t h e  window area covered  by s c a t t e r e r s ,  here  c a l l e d  t h e  s c a t -  
t e r i n g  c o e f f i c i e n t ,  a ( 3 . 3 . 2 ) .  A f i t  o f  t h e  s c a t t e r  
model to a v a i l a b l e  e x p e r i m e n t a l  da ta  i n d i c a t e s  t h a t  nS 
can b e  t a k e n  between 1 . 5  and 1 . 6 .  The mean diameter 
i s  i n d e t e r m i n a t e ,  b u t  probably  i n  t h e  r ange  of  3 t o  1 0 0  
microns .  
t h e  r ange  o f  a n g l e s  o f  i n t e r e s t  i s  r e f r a c t i o n ,  which 
does n o t  depend upon d t h i s  u n c e r t a i n t y  i n  dmean 

i s  n o t  ve ry  s e r i o u s . )  The s c a t t e r i n g  c o e f f i c i e n t  i s  
found to be  abou t  0 .5%.  T h i s  s h o u l d  b e  though t  o f  as 
a lower bound on a ;  t he  upper  bound f o r  t h e  l u n a r  l a n d i n g  
m i s s i o n  i s  n o t  known b u t  i s  perhaps  as much as 10% . 
F o r  such  h i g h  v a l u e s  o f  a '  s o l a r  s c a t t e r  i s  more s e r i o u s  
t h a n  so l a r  d a z z l e  ( 3 . 3 . 3 ) .  

o f  the p a r t i c l e s ,  and t h e  f r a c t i o n  of  dme an  J 

( S i n c e  t h e  p r i n c i p a l  s c a t t e r i n g  mechanism o v e r  

mean' 

O Lunar S c a t t e r  

I n  a l l  c a s e s ,  l u n a r  s c a t t e r ,  t h a t  i s ,  l i g h t  from 
t h e  l u n a r  s u r f a c e  s c a t t e r e d  by  t h e  r e s i d u e  on t h e  window, 
i s  n e g l i g i b l e .  The i n t e g r a t e d  i l l u m i n a t i o n  from t h e  
l u n a r  s u r f a c e  on t h e  commander's window, even a t  low 
g a t e ,  n e v e r  exceeds  1 2 0  f t - c d ,  or 1% o f  t h e  s o l a r  con- 
t r i b u t i o n ,  and t h e  p o r t i o n  of  t h i s  l i g h t  s c a t t e r e d  i n t o  
t h e  l i n e  of  s i g h t  i s  t o o  small t o  n o t i c e a b l y  d imish  t h e  
g e n e r a l  s cene  c o n t r a s t  ( 3 . 3 . 4 ) .  

Window R e f l e c t i o n  

A p o t e n t i a l l y  s e r i o u s  g la re  problem may a r i s e  from 
t h e  l i g h t  r e f l e c t e d  by the a n t i f o g  c o a t i n g  on t h e  forward  
window if s u n l i g h t  i s  al lowed t o  e n t e r  the  LM c a b i n  and 
s t r i k e  t h e  window e i t h e r  d i r e c t l y  through t h e  overhead  
docking  window (as could  happen i n  t h e  nominal  approach)  
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or a f t e r  r e f l e c t i o n  o f f  t h e  s u i t  and c a b i n  f i t t i n g s .  
T h i s  g l a r e  s o u r c e  by i t s e l f  cou ld  reduce  the  scene 
c o n t r a s t  by 80% o r  more (2.1). It i s  recommended tha t  
i n  any Sun Ahead l a n d i n g  t h a t  the  LM P i l o t ' s  window be 
covered  by i t s  shade, i f  t h i s  i s  o p e r a t i o n a l l y  feas ib le ,  
t o  minimize t h e  amount of s u n l i g h t  which e n t e r s  t h e  LM 
c a b i n .  

O RCS Quad Dazzle  

S i n c e  t he  RCS quad on t h e  Commander's s ide  cou ld  
r e f l e c t  a d i s t r a c t i n g  amount of  l i g h t  i n t o  h i s  eyes 
ove r  a wide r ange  o f  v e h i c l e  o r i e n t a t i o n s  and s u n  e l e -  
v a t i o n s ,  i t  i s  recommended t h a t  t he  f a r  l e f t  p o r t i o n  of 
t h e  commander's window b e  covered t o  e l i m i n a t e  t h i s  
d a z z l e  s o u r c e  ( 2 . 1 ) .  

2 . 0  THE OPTICAL ENVIRONMENT D U R I N G  DESCENT 

2.1 LM S t r u c t u r e  A f f e c t i n g  Vis ion  

occup ied  i n  mon i to r ing  t h e  LM Guidance Computer i n  c a l l i n g  o u t  
a n g l e  markings on t h e  Landing P o i n t  Des igna to r  (LPD) r e t i c l e  t o  
t h e  commander s o  t h a t  t h e  commander, o b s e r v i n g  t h e  t e r r a i n  through 
t h e  l e f t  forward  window, can de te rmine  t h e  c u r r e n t  l a n d i n g  p o i n t  
and s e a r c h  f o r  t h e  p r e s e n c e  of any o b s t a c l e s  which would r e q u i r e  
a r e d e s i g n a t i o n .  

During t h e  d e s c e n t  from h i g a t e  the LM p i l o t  w i l l  b e  

The i n t e r i o r  i I l i imina t ion  t h e  p i  lot w i  11 n e e d  t n  resd 
his c h e c k l i s t s  and = p e r a t e  the  Disp lay  and Kc j rb~a rd  ( D S K Y )  i s  
p r o v i d e d  by a s e t  of  f l o o d l i g h t s  on each  s i d e  of t h e  c a b i n ,  con- 
s i s t i n g  o f  a f l o o d  i n  each  a s t r o n a u t ' s  overhead  aimed toward 
t h e  f r o n t  p a n e l  and a n o t h e r  one j u s t  under  e a c h  forward  window, 
b o t h  o f  which are  d i m a b l e ,  and t h ree  f i x e d  l e v e l  l i g h t s  r e c e s s e d  
unde r  each  bank o f  t h e  s i d e  p a n e l s  (see F i g u r e  1). A two- l eve l  
p o r t a b l e  u t i l i t y  l i g h t  f o r  each a s t r o n a u t  i s  s u p p l i e d  f o r  u se  
as needed.  On t h e  p a n e l s ,  t h e  numeric  r ead -ou t s ,  d i s p l a y s  and 
p a n e l  l egends  are i n t e g r a l l y  l i g h t e d  and are d i m a b l e ,  as are  
t h e  c a u t i o n  and warning  l i g h t s .  The s i d e  p a n e l  l i g h t i n g  can be  
e x t i n g u i s h e d  independen t ly  of t h e  remain ing  l i g h t i n g .  A f i n a l  
s o u r c e  of i n t e r n a l  i l l u m i n a t i o n  i s  p rov ided  b y  t h e  t o g g l e  s w i t c h  
t i p s  and LPD r e t i c l e  which are f a i n t l y  r a d i o l u m i n e s c e n t  (% .05 
f t . L ) .  

The two LM a s t r o n a u t s  w i l l  be  helmeted and wear ing  
t h e  wh i t e  be ta  c l o t h  I n t e g r a t e d  Thermal Meteoroid Garment (ITMG) 
d u r i n g  the  d e s c e n t .  The helmet i s  a f i shbowl  made o f  Lexan poly-  
c a r b o n a t e  p l a s t i c  c o a t e d  f o r  a n t i r e f l e c t i o n  on b o t h  s u r f a c e s .  
The r e s u l t s  of the  LM S i m u l a t o r  L i g h t i n g / R e f l e c t i o n  Review a t  
MSC i n  l a t e  October  1967 (Reference  39 )  i n d i c a t e  t h a t  r e f l e c t i o n s  
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. from the  c a b i n  l i g h t s  and s u r f a c e s  on t h e  helmet  w i l l  n o t  b e  
n o t i c e a b l e .  However, r e f l e c t i o n s  due t o  any s u n l i g h t  s t r e a m i n g  
th rough  t h e  LM windows may p r e s e n t  a more s e r i o u s  problem, e spe -  
c i a l l y  i f  the  helmet becomes s c r a t c h e d .  

The LM i s  equipped  with three windows: two t r i a n g u l a r l y  
shaped windows some two f e e t  s q u a r e  i n  area which are c a n t e d  
outward a t  t h e  t o p  i n  t h e  forward bulkhead  about  a f o o t  i n  f r o n t  
of  t h e  a s t r o n a u t s  and a t h i r d  5x12 i n c h  docking  window i n  t h e  
commander's overhead .  All th ree  ( F i g u r e  2 )  are c o n s t r u c t e d  o f  
two panes of g l a s s ,  t h e  gap between v e n t e d  t o  s p a c e ,  and are 
equipped  w i t h  a s n a p a b l e ,  n e a r l y  opaque shade which cove r s  t h e  
windows d u r i n g  t h e  l u n a r  sleep p e r i o d  and d u r i n g  use  of  t h e  
Alignment O p t i c a l  Te lescope  ( A O T )  . I n  an  aga ins t - the - sun  des- 
c e n t ,  i f  i t  i s  o p e r a t i o n a l l y  f e a s i b l e ,  t h e  shade s h o u l d  be  drawn 
ove r  t h e  LM p i l o t ' s  window to a t t e m p t  t o  minimize t h e  s o l a r  s e a r c h -  
l i g h t  e f f e c t  and r e f l e c t i o n s  w i t h i n  the  LM. It i s  o b v i o u s l y  
i m p o s s i b l e  t o  draw t h e  shade e n t i r e l y  o v e r  t he  commander's win- 
dow, b u t ,  as shown below, a r e d e s i g n a t i o n  o f  2 O o - 3 O 0  t o  t h e  l e f t  
d u r i n g  d e s c e n t  w i l l  have t h e  same e f f e c t .  

A Chemcor p r e s s u r e  glass forms the  i n n e r  pane of  t h e  
commander's window. I t s  i n n e r  s u r f a c e  i s  covered  w i t h  a High 
E f f i c i e n c y  A n t i r e f l e c t i v e  (HEA) c o a t i n g  ( F i g u r e  2 ) .  The o u t e r  
s u r f a c e  i s  c o a t e d  w i t h  a r e s i s t i v e  a n t i f o g  c o a t i n g  and 
marked w i t h  t h e  LPD r e t i c l e .  An i n c h  separates t h e  i n n e r  pane 
from t h e  o u t e r ,  t h e  i n n e r  s u r f a c e  o f  which i s  a l s o  marked w i t h  
t he  LPD and c o a t e d  w i t h  HEA. The o u t e r  s u r f a c e  of t he  o u t e r  
pane has a Wide Band Hot M i r r o r  (WBHM) c o a t i n g  which s e r v e s  t o  
screen hoth l n f r n r e d  2nd 111 t r 2 v i  01 et f r n m  t h e  s ? a r e c . r n f t .  - 

The HEA c o a t i n g s  reduce  t r a n s m i s s i o n  l o s s  due t o  ( n o r -  
m a l )  r e f l e c t i o n  o f f  t he  s u r f a c e s  on which t h e y  are  a p p l i e d  from 
rough ly  4 %  t o  on ly  .5-1% ove r  most of  t h e  v i s i b l e  spec t rum.  The 
t r a n s m i s s i o n  loss due t o  t h e  WBHM c o a t i n g  i s  5 t o  1 0 %  (Refe rence  
4 6 )  b u t  i s  n o t  o b j e c t i o n a b l e ,  e s p e c i a l l y  i n  t h e  l a n d i n g  phase  
w i t h  i t s  ve ry  h i g h  e x t e r i o r  i l l u m i m a t i o n ,  where some f i l t e r i n g  
i s  even  des i r ab le .  

The a n t i f o g  c o a t i n g  cou ld  c r e a t e  a more s e r i o u s  problem. 
It  c o n s i s t s  of t h ree  monomolecular l a y e r s  o f  s t a n n o u s  o x i d e ,  t h e  
f i r s t  l aye r  c o v e r i n g  t h e  e n t i r e  t r i a n g u l a r  pane ,  t h e  second ex- 
t e n d i n g  abou t  half-way from t h e  ' t op ,  and t h e  t h i r d ,  o n e - t h i r d  
down, g i v i n g  t h e  window a ye l low appearance  a t  t h e  t o p ,  which 
shades through straw to c l e a r  a t  t h e  bot tom. ( T h i s  odd p a t t e r n  
i s  used  t o  deve lop  a un i fo rm e l e c t r i c a l  r e s i s t a n c e  a c r o s s  t h e  
wid th  of t h e  p a n e . )  I n  a d d i t i o n  t o  r e d u c i n g  t h e  t o t a l  a v e r a g e  
window t r a n s m i s s i o n  t o  76%, t h e  t h i n  metal c o a t  a l s o  has t h e  
c h a r a c t e r i s t i c s  of  a one way m i r r o r .  I n  o t h e r  words,  t h e  LM 
windows w i l l  appear  as opaque m i r r o r s  when t h e  c a b i n  l i g h t i n g  
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r e f l e c t e d  i n  t he  window i s  b r i g h t e r  t h a n  the  e x t e r i o r  and w i l l  . 
a p p e a r  t r a n s p a r e n t  i f  the  LM c a b i n  i s  darker t h a n  t h e  e x t e r i o r .  
I n  the p r e s e n t  m i s s i o n  d e s i g n ,  i t  i s  though t  t h a t  t h e  11 i n c h  
g l a r e  s c r e e n s  between t h e  c e n t e r  p a n e l s  and windows (shown i n  
F i g u r e  1) and t h e  u s e  o f  low c a b i n  i l l u m i n a t i o n  w i l l  p r e v e n t  
t h i s  c h a r a c t e r i s t i c  from becoming a problem. I t  may a l s o  b e  
p o s s i b l e  t o  app ly  an a n t i - r e f l e c t i o n  c o a t i n g  ove r  t h e  a n t i f o g  
c o a t i n g  (Refe rence  4 6 ) .  

However, i f  d i r e c t  s u n l i g h t  i s  a l lowed t o  e n t e r  t h e  
c a b i n  i n  a Sun-Ahead approach,  t h e  r e s u l t i n g  r e f l e c t i o n  g l a r e  
i n  t h e  commander's window may be a s e r i o u s  b a r  t o  v i s i o n .  The 
r e f l e c t i o n  of  t h e  s u n l i t  ITMG i n  t h e  window, for example,  cou ld  
e a s i l y  appea r  4 t o  1 0  times b r i g h t e r  t h a n  t h e  l u n a r  s u r f a c e  
which t h e  a s t r o n a u t  i s  t r y i n g  t o  obse rve  through i t .  Such a 
r e f l e c t e d  v e i l  of l i g h t  superimposed o v e r  t he  f i e l d  of  view 
would lower t h e  e f f e c t i v e  l u n a r  s u r f a c e  c o n t r a s t  b y  4/5 or more. 
Th i s  d r a s t i c  e f f e c t  on v i s i b i l i t y  u n d e r s c o r e s  t h e  need t o  r e -  
duce window r e f l e c t i o n s  t o  a minimum. 

Looking o u t  through h i s  window, t h e  commander can s e e  
a p o r t i o n  o f  t he  LM s t r u c t u r e ,  i . e . ,  RCS quad I which i s  l o c a t e d  
a b o u t  3-1/2 f e e t  from the  window, t h e  l e f t  forward  beam, and 
t h e  lower  p a r t  of t h e  forward l e g  and l a n d i n g  pad. The pre- 
c i s e  amount v i s i b l e  depends on t h e  l o c a t i o n  o f  t h e  commander's 
e y e  which i s  nominal ly  a t  t h e  " d e s i g n  eye" p o s i t i o n .  The LM 
s u r f a c e  abou t  the  forward window i s  p a i n t e d  w i t h  b l a c k  Pyromark 
s i l i c o n e  p a i n t  and n e i t h e r  i t  n o r  t h e  l a n d i n g  gear p r e s e n t  a 
s i g n i f i c a n t  g lare  problem. On t h e  o t h e r  hand t h e  r i b b e d ,  go ld-  
c o l o r e d  quad I RCS n o z z l e s  a r e  a p o s s i b l e  secondary  g l a re  s o u r c e  

are l o c a t e d  f a r  t o  t h e  l e f t  ( 6 O 0 - 8 O 0 )  o f  the l i n e  o r  s i g h t ,  b a t  
i f  t he  commander shou id  chance t o  g l a n c e  a t  them, h i s  v i s u a l  
a d a p t a t i o n  may be  i m p a i r e d  for a t  l eas t  s e v e r a l  s econds .  Thus, 
some though t  shou ld  b e  g iven  t o  the means of b l o c k i n g  them o u t  
of  h i s  f i e l d  of view, such  a s  modi fy ing  t h e  shade t o  c o v e r  t h e  
l e f t - h a n d  p o r t i o n  o f  the  window. 

c--  - l-n-- --n-n nc n i r n  m n n l n c  c . n A  y l e h - t n l ~  n r - T ~ n t ~ t j n n ~  They  
I V I  u L a . I , C j b  S U * l ~ "  "A. UIA.&l U * A b - - -  ---- -_----- 

The f i n a l  o b s t a c l e  i n  t he  commander's l i n e  of  s i g h t  
t o  t h e  l a n d i n g  p o i n t  i s  t h e  d e s c e n t  e n g i n e  plume, which, s i n c e  
t h e  gas  has an i n d e x  o f  r e f r a c t i o n  somewhat d i f f e r e n t  f rom 1, 
w i l l  a c t  as a weakly  r e f r a c t i n g  medium, d i s t o r t i n g  t h e  t e r r a i n  
v i s i b l e  th rough  i t .  The e f f e c t  i s  e x p e c t e d  t o  b e  small and w i l l  
be  e v a l u a t e d  d u r i n g  t h e  f i r s t  CSM/LM Opera t ions  Miss ion .  

2 . 2  D i f f e r e n c e s  i n  Sun-Ahead and Sun-Behind L i g h t i n g  

The l u n a r  s u r f a c e  t h a t  t he  commander sees ,  l o o k i n g  
th rough  h i s  window, w i l l  a p p e a r  somewhat d i f f e r e n t  i f  t h e  sun  
i s  ahead of  t he  LM r a t h e r  t han  beh ind .  I f  t h e  windows are o r i e n t e d  
toward t h e  l u n a r  s u r f a c e  d u r i n g  the  seven  minute b r a k i n g  phase 
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from p e r i c y n t h i o n  t o  h i g a t e ,  then i n  a SB approach the  a s t r o n a u t s  
w i l l  see a most ly  s u n l i t  hemisphere w h i l e  i n  SA approach  a l l  b u t  
t he  f i n a l  20 o r  30 d e g r e e s  of l a t i t u d e  w i l l  be i n  r e l a t i v e l y  
dark e a r t h s h i n e .  A t  h i g a t e ,  6 miles from t h e  l a n d i n g  s i t e ,  t h e  
LM, which was n e a r l y  h o r i z o n t a l ,  p i t c h e s  up 50° ,  and t h e  com- 
mander has h i s  f i rs t  view of the l a n d i n g  area th rough  t h e  l e f t  
forward  window. I n  t h e  s t a n d a r d  t r a j e c t o r y  (Refe rence  2 6 )  t h e  
LM c o n t i n u e s  i t s  d e s c e n t  f r o m h i g a t e  t o  l o g a t e  - the  v i s i b i l i t y  
phase - a t  a n e a r l y  c o n s t a n t  f l i g h t  p a t h  a n g l e  o f  15'-17" and 
p i t c h e s  s lowly  from 40" back from t h e  v e r t i c a l  a t  h i g a t e  t o  zbout  
20° a t  l o g a t e .  These t r a j e c t o r y  a n g l e s  w i l l  b e  employed i n  t h i s  
r e p o r t  f o r  bo th  S B  and SA l a n d i n g s ,  e x c e p t  i n  some f i g u r e s  where 
t h e  f l i g h t  p a t h  a n g l e  ( a l s o  c a l l e d  the  look  a n g l e )  i s  t a k e n  as 
14.4" and t h e  p i t c h  a n g l e  as 43' f o r  comparison w i t h  an  e a r l i e r  
g la re  a n a l y s i s .  

The optimum sun  angle*  for a SR l a n d i n g  i s  about  T o ,  
b u t  for a SA ( l u n a r  a f t e r n o o n )  l a n d i n g  t h e  sun  e l e v a t i o n *  from 
t h e  h o r i z o n  would b e  h i g h e r ,  a minimum o f  about  2 2 ' ,  t o  e n s u r e  
d a y l i g h t  d u r i n g  t h e  f u l l  4 4  h r .  cont ingency  s t a y t i m e  on t h e  
l u n a r  s u r f a c e .  To p e r m i t  a one d a y  l aunch  window a v a r i a t i o n  
i n  s u n  a n g l e  of about  13" must b e  a l lowed f o r ;  hence ,  t h e  r ange  
of  s u n  e l e v a t i o n s  o f  maximum i n t e r e s t  i n  a S A  l a n d i n g  i s  about  
22' t o  35" above t h e  forward  h o r i z o n .  Higher  sun  e l e v a t i o n s  
may a l s o  be of i n t e r e s t  i n  l a t e r  m i s s i o n s  and low sun  a n g l e s  
might be des i r ed  i n  but tonhook and dawn p o s i g r a d e  l a n d i n g s  and 
w i l l  be i n c l u d e d  i n  t he  d i s c u s s i o n .  

A t  sun  e l e v a t i o n s  of 22" or above, c r a t e r  shadows w i l l  
b e  l a r g e l y  or t o t a l l y  a b s e n t .  and t h u s  S A  l a n d i n g s  w i l l  l a c k  
one of t he  prirne v i s u a l  c l u e s  ~ v a i l a b l e  i n  a SB l a n d i s g  at. c p t i -  
mum s u n  alzgles,  where the  h i g h  c m t r a s t  shadms are  s t r i k i n g l y  
e v i d e n t  a g a i n s t  t h e  monochromatic l u n a r  s u r f a c e .  To b a l a n c e  
t h i s ,  c o n t r a s t  d i f f e r e n c e s  between s u r f a c e  f e a t u r e s  are h i g h e r  
i n  g e n e r a l  i n  a SA l a n d i n g  than  t h e y  are  f o r  t h e  co r re spond ing  
sun  e l e v a t i o n  i n  a SB l a n d i n g ,  as i s  shown i n  S e c t i o n  4 . 1 .  Shadows 
c a s t  by  s teep-s ided  rock  ou tc rops  w i l l  s t i l l  be  v i s i b l e  as w e l l ,  
p e r h a p s  more v i s i b l e  t h a n  i n  a SB l a n d i n g  where t h e y  are  p a r -  
t i a l l y  o c c u l t e d .  

The l u n a r  t e r r a i n  appears from two t o  e i g h t  t i m e s  
darker  i n  a S A  l a n d i n g  t h a n  i n  a SB l a n d i n g  and t e n d s  t o  da rken  
n e a r  t h e  h o r i z o n ,  whereas w i t h  t he  sun  beh ind  t h e  LM t h e  t e r r a i n  
grows b r i g h t e r  n e a r  t h e  h o r i z o n ,  e s p e c i a l l y  i n  t h e  washout a r e a .  
It i s  n e v e r  r e a l l y  ve ry  b r i g h t  i n  e i t h e r  c a s e ,  however, s i n c e  
t h e  a l b e d o  of t h e  l u n a r  maria i s  only  about  7 % ,  about  t h a t  o f  
d a r k  v o l c a n i c  r o c k .  S i n c e  t h e  s u n  might b e  s h i n i n g  i n  t h e  a s t r o -  
n a u t ' s  eyes  i n  a S A  l a n d i n g  t h e  t e r r a i n  cou ld  a p p e a r  even da rke r  
t h a n  the  r e f l e c t i o n  c h a r a c t e r i s t i c s  of  t h e  l u n a r  s u r f a c e  i n d i c a t e ,  
due t o  t he  change i n  t h e  eye ' s  a d a p t a t i o n  l e v e l .  Such d i f f e r e n c e s  
i n  t e r r a i n  b r i g h t n e s s  between t h e  two t y p e s  of approach  are  n o t  

*Angles are  d e f i n e d  i n  F igu re  5 .  
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c o n s i d e r e d  s i g n i f i c a n t ,  b u t  t he  f a c t  t h a t  t h e  sun i s  v i s i b l e  
i n  a S A  l a n d i n g  i s  h i g h l y  i m p o r t a n t .  The sun  i s  a l i g h t  o f  

ve ry  small a n g u l a r  area,  6 . 8  x s t e r a d i a n s ,  i n  a n  o t h e r w i s e  
b l a c k  sky - a v e r y  power fu l  s o u r c e  o f  g la re .  

e x c e e d i n g l y  great b r i l l i a n c e ,  2 . 1  x 1 0  8 c d / f t 2  luminance,  and 

3.0 A N A L Y S I S  OF LUNAR GLARE 

3 . 1  V i s i b i l i t y  and C o n t r a s t  unde r  Glare Cond i t ions  

S i n c e  the l u n a r  l andscape  i s  n e a r l y  monochrome, t h e  
p r i n c i p a l  c l u e  f o r  t h e  d e t e c t i o n  of  o b s t a c l e s  i s  t h e  c o n t r a s t  
t h e y  and t h e i r  shadows make wi th  the  s u r r o u n d i n g  s u r f a c e .  I n  
t h e  f o l l o w i n g  d i s c u s s i o n  i t  w i l l  b e  found u s e f u l  t o  adopt  a some- 
what  s t a n d a r d  te rminology and r e f e r  t o  any o b j e c t  a t  t h e  l a n d i n g  
s i t e ,  be  i t  c r a t e r ,  b o u l d e r ,  shadow, or d i f f e r e n c e  i n  s l o p e ,  as 
t h e  target .  The smallest  t a r g e t s  o f  i n t e r e s t  a t  any a l t i t u d e  
can be though t  o f  as rough ly  . 5  d e g r e e  i n  diameter,  h a l f  a f i n g e r -  
n a i l ' s  w i d t h  a t  arm's l e n g t h .  The s u r f a c e  a d j a c e n t  t o  t h e  t a r -  
g e t ,  o u t  t o  about  a 2 degree d i a m e t e r ,  i s  c a l l e d  t h e  background,  
w h i l e  t he  remainder  of  t h e  f i e l d  o f  view i s  c a l l e d  t h e  su r round .  
I n  t h i s  p a p e r ,  t h e  p o r t i o n  of t he  LM commander's window which 
c o v e r s  t h e  t a r g e t  and background, as shown i n  F i g u r e  3 ,  i s  
named t h e  Act ive  S c a t t e r i n g  Area ( A S A ) .  It i s  about  a half  
i n c h  i n  diameter.  

Glare has t h r e e  major components. D a z z l e  g la re ,  t h e  
f i r s t  o f  these ,  i s  a phenomenon p e c u l i a r  t o  t h e  eye ,  which makes 
p e r c e p t i o n  of an  o b j e c t  more d i f f i c u l t  when a b r i g h t  l i g h t  such  
a s  the p.~~._n_ is ir_ the field cf' V L W -  Z c i t t ~ r  =;ls.re r n n c i e t ~  c: 
the  l i g h t  s c a t t e r e d  i n t o  t he  l i ne  of s i g h t  by a n y  rnilteiiial on an 
o t h e r w i s e  t r a n s p a r e n t  window; i t  i s  e x t e r n a l  t o  the  e y e  (would 
be photographed  b y  a camera) as i s  r e f l e c t i o n  g la re ,  which con- 
s i s t s  of  a l l  t h e  l i g h t  r e f l e c t e d  b y  t h e  window i n t o  t h e  l i n e  of 
s i g h t .  R e f l e c t i o n  glare  i n  the LM i s  n o t  t rea ted  q u a n t i t a t i v e l y  
a t  much l e n g t h  i n  t h i s  p a p e r  s i n c e  i t  i s  n o t  i n t r i n s i c  t o  t h e  
LM/lunar environment  and because i t  i s  p r e s e n t l y  b e i n g  reduced  
b y  m o d i f i c a t i o n s  t o  t h e  LM cab in  mater ia ls .  

A s  shown i n  t h e  f o l l o w i n g  s e c t i o n s  on d a z z l e  and s c a t t e r  
and r e f l e c t i o n  g la re ,  a l l  th ree  e f f e c t s  c a s t  a v e i l  o f  b r i g h t n e s s  
o v e r  t h e  f i e l d  of view. This v e i l  i n c r e a s e s  t he  t o t a l  luminance* 

*Luminance, B,  ( a l s o  c a l l e d  b r i g h t n e s s )  i s  t h e  luminous 
i n t e n s i t y  p e r  u n i t  p r o j e c t e d  area of t he  s o u r c e ,  w h i l e  i l l u m i n a n c e  
o r  i l l u m i n a t i o n ,  E, i s  t h e  luminous f l u x  i n c i d e n t  on a u n i t  area 
of  r e c e p t o r  s u r f a c e .  
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of t h e  scene  b u t  s i n c e  i t  a f f e c t s  b o t h  t a r g e t  and background 
e q u a l l y  i t  reduces  t h e  r a t i o  between them. S i n c e  t h e  human eye  
i s  more s e n s i t i v e  t o  b r i g h t n e s s  r a t i o s  t h a n  t o  t h e  b r i g h t n e s s  
l e v e l s  t hemse lves ,  a v e i l i n g  luminance r e d u c e s  scene  v i s i b i l i t y .  

’ The common d e f i n i t i o n  o f  c o n t r a s t ,  due t o  B lackwe l l ,  i s  

IBT - BBI c =  
BB 

where C i s  t h e  c o n t r a s t  w i thou t  g la re ,  BT i s  t h e  t a rge t  luminance ,  
and BB i s  the  background luminance. 
due t o  d a z z l e ,  a v e i l i n g  luminance B due t o  s c a t t e r ,  and a 
luminance BVR due to r e f l e c t i o n s  are added, s o  t h a t  t h e  t a rge t  
luminance i s  now B and t h e  background luminance BA, t h e  con- 
t r a s t  w i t h  g l a r e ,  CG, becomes 

If a v e i l i n g  luminance BVD 

vs 

TG 

where BA i s  t h e  a d a p t a t i o n  luminance, t h a t  i s ,  t h e  l e v e l  of  b r i g h t -  

n e s s  t o  which t h e  e y e  i s  adapted .  

We may also d e f i n e  a r e l a t i v e  c o n t r a s t  w i t h  g l a r e  or 
c o n t r a s t  r a t i o ,  CR, and s u b s i d i a r y  r e l a t i v e  c o n t r a s t s  i n  which 

\ w R S l ,  cr r e f l ec t i s : :  1 i s  the  e i t h e r  d a z z l e  ( C R D ) ,  scatter ( p  

o n l y  g l a re  component: 
\ “RR’ 

( 3 )  

(4) 
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( 5 )  

Normally,  i n  t he  f o l l o w i n g  a n a l y s i s  BVR w i l l  ';le assumed e q u a l  
t o  0 and CRR e q u a l  t o  1. 

Then 

1. t - -  1 1 -  1 - - -  
cR RS 'RD 

( 7 )  

F i g u r e  4 i s  a nomograph o f  Equat ion  ( 7 )  and permits  easy c a l c u -  
l a t i o n  of  CR, CRs, o r  CRD when any two o f  these three  q u a n t i t i e s  
are known. CR r e d u c e s  t o  CRs when there  i s  no d a z z l e  and t o  CRD 
when there i s  no s c a t t e r  g l a r e .  

The r e l a t i v e  c o n t r a s t  i s  a measure of  t h e  d e g r a d a t i o n  
of  v i s i o n  due t o  glare .  
1; when the g l a r e - g e n e r a t e d  v e i l i n g  luminance i s  e q u a l  t o  t h e  
background b r i g h t n e s s ,  CR = 0.5 .  
L i l t :  r e i a c i v e  c o n t r a s t  i s  t h a t  i t  can b e  a p p l i e d  t o  corn-arissns 
o f  c o n t r a s t  of any o b j e c t  w i t h  t h e  l u n a r  s u r f a c e ,  ever, i f  t h e  
o b j e c t  does n o t  have t h e  same p h o t o m e t r i c  p r o p e r t i e s  as t h e  s u r -  
f a c e .  Thus, f o r  example, i t  g i v e s  d i r e c t l y  t h e  a p p a r e n t  c o n t r a s t  
of a l u n a r  shadow ( C  1) under  g l a r e  c o n d i t i o n s .  

When there  i s  no g l a r e  C R  i s  e q u a l  t o  

A n  i n t e r e s t i n g  p r o p e r t y  o f  

r 

A r e d u c t i o n  i n  t he  c o n t r a s t  of a n  o b j e c t  as measured 
by CR may imply a r e d u c t i o n  i n  the  maximum range  a t  which t h e  
t a rge t  i s  v i s i b l e .  
r a n g e  u n t i l  t h e  c o n t r a s t  i s  reduced below a c r i t i c a l  v a l u e  
( t h e  l i m i n a l  c o n t r a s t )  and then  become i n d e t e c t a b l e  b y  luminance 
c o n t r a s t  d i f f e r e n c e s .  One r e c e n t  l u n a r  v i s i b i l i t y  s t u d y  (Ref- 
e r e n c e  31)  s u g g e s t s  t h a t ,  f o r  a 0.5' t a r g e t  on the  l u n a r  s u r f a c e  
such  as i s  c o n s i d e r e d  here ,  t h e  c r i t i c a l  c o n t r a s t  i s  0 . 0 3 .  

For  smaller ta rge ts  i t  can  be  shown that the r e d u c t i o n  
i n  r a n g e  ( R R ) ,  o r  r a t i o  of t h e  maximum range  w i t h  g l a r e  t o  t h e  

r a n g e  w i t h o u t  g l a r e ,  i s  g i v e n  by 

Large t a r g e t s  w i l l  remain v i i b l e  a t  any 
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T h i s  e q u a t i o n  i s  a p p l i c a b l e  to t h e  c r a t e r  o b s t a c l e s  which a re  
s t u d i e d  i n  Reference 43, where i t  i s  c a l c u l a t e d  t h a t  20  f o o t  
diameter c r a t e r s  are  d e t e c t a b l e  a t  3000 f t .  a l t i t u d e  (9000  f t .  
r ange )  w i t h o u t  g l a r e .  With g l a r e ,  assuming C t o  b e  0 . 5 ,  t hese  

c r a t e r s  would become v i s i b l e  a t  abou t  6300  f e e t  r ange .  
R 

R' Although t h e . m a j o r  emphasis  i n  t h i s  r e p o r t  i s  on C 

t h e  d e g r a d a t i o n  o f  c o n t r a s t  r e l a t i v e  t o  t h a t  s e e n  w i t h o u t  s l a r e ,  
and on t h e  consequent  r e d u c t i o n  i n  r a n g e ,  i t  w i l l  a l s o  b e  neces -  
s a r y  t o  work w i t h  t h e  c o n t r a s t  l e v e l s  t hemse lves .  I n  o r d e r  t o  
be  ab le  t o  compare CG w i t h  t h e  c o n t r a s t  cu rves  p r e s e n t e d  i n  Ref- 

e r e n c e  2 7  t he  d e f i n i t i o n  i n  Equat ion  (1) o f  C by  d i f f e r e n c e s  
i n  b r i g h t n e s s  l e v e l s  ( d i f f e r e n c e  c o n t r a s t )  must be modigied.  
Given t h a t  t h e  l u n a r  background luminance i n  c a n d i e s i f t '  i s  

t h e  c o n t r a s t  between two cont iguous  s u r f a c e  e l emen t s  w i t h  d i f -  
f e r e n t  s l o p e  can be  w r i t t e n ,  as i n  Reference  2 7 ,  

I n  t h e s e  e q u a t i o n s  t h e  combined t r a n s m i s s i o n  loss t h rough  t h e  
helment  and window i s  tHu; p o  i s  t h e  normal a l b e d o  o f  t h e  s u r f a c e  
( t a k e n  as , 0 7 2  th roughout  t h i s  r e p o r t ) ;  Eo i s  t h e  normal s o l a r  
i l l u m i n a n c e  o f  12,500 f t - c d ,  and o and T a re  the  sun-eye phase  
a n g l e  and t h e  luminance l o n g i t u d e  o f  the  background as shown i n  
F i g u r e  5.  A T  i s  the  d i f f e r e n c e  i n  s l o p e  (nominal ly  10') and @ 
i s  t h e  l u n a r  pho tomet r i c  f u n c t i o n .  I n  t h i s  s t u d y  the f u n c t i o n  
due t o  F e d o r e t s  i s  used .  

It i s  e a s i l y  s e e n  tha t  any t r a n s m i s s i o n  loss t h rough  
the  window and helmet,  i f  c o n s t a n t  o v e r  t h e  area i s  q u e s t i o n ,  
has no e f f e c t  on c o n t r a s t ,  r e l a t i v e  c o n t r a s t ,  and r e l a t i v e  r ange ,  
s i n c e  if tHW r e p r e s e n t s  t he  combined t r a n s m i s s i o n  o f  helmet and 
window, t h e n ,  as s e e n  by t h e  a s t r o n a u t ,  t h e  c o n t r a s t  w i t h  t rans-  
m i s s i o n  l o s s  i s  
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The c h a r a c t e r i s t i c s  of l u n a r  s u r f a c e  c o n t r a s t  w i t h  g l a r e ,  t h e  
r e l a t i v e  c o n t r a s t ,  and t h e  r e d u c t i o n  i n  r ange  are  d i s c u s s e d  f u r -  
t h e r  i n  S e c t i o n  4 . 1  a f t e r  t h e  d a z z l e  and s c a t t e r  e q u a t i o n s  are  
developed .  

3 .2  Dazzle  

The phenomenon o f  d a z z l e  has been t h e  s u b j e c t  of many 
expe r imen t s .  It has been found t h a t  a s t r o n g  l i g h t  s h i n i n g  i n  
t he  e y e  has e x a c t l y  the  same e f f e c t  as a un i fo rm v e i l  o f  l i g h t  
o v e r  t he  observed  o b j e c t  and i t s  ' su r round ing  area. Tn i s  ' 'equiva- 
l e n t  v e i l i n g  luminance" BVD has been found t o  be  p r o p o r t i o n a l  t o  
t h e  normal  i l l u m i n a t i o n  by  t h e  g la re  s o u r c e  a t  t h e  eye ,  EN. The 
luminance i s  e s s e n t i a l l y  independent  of  t h e  a n g u l a r  area o f  t h e  
d a z z l e  s o u r c e ,  i t s  azimuth ang le  about  t h e  l i n e  o f  s i g h t  ;r.nd t h e  
s p e c t r a l  composi t ion  of  i t s  l i g h t ,  b u t  v a r i e s  rough ly  as ar, i n v e r s e  
power ( approx ima te ly  t h e  i n v e r s e  s q u a r e )  o f  t h e  a n p l e  0 between 
t h e  l i n e  of s i g h t  and t h e  r a y s  from the  s o u r c e .  That  i s  

I\ BVD = k - 
On 

where k and n are t h e  e x p e r i m e n t a l l y  d e r i v e d  c o n s t a n t s  o f  T a b l e  
1, which summarizes the  c o n d i t i o n s  and p e r t i n e n t  r e s u l t s  o f  
s e v e n  expe r imen t s .  

S e v e r a l  p h y s i o l o g i c a l  e x p l a n a t i o n s  have been advanced 
t o  e x p l a i n  t h i s  d a z z l e  e f f ec t .  The most p r o b a b l e ,  s u p p o r t e d  by 
d i v e r s e  expe r imen t s  (Reference  6 ) ,  i s  t h a t  t h e  d a z z l e  v e i l  i s  
g e n e r a t e d  by i n c i d e n t  l i g h t  s c a t t e r e d  w i t h i n  t h e  e y e  i t s e l f .  
(A p r i o r i ,  i t  i s  r e a s o n a b l e  t o  e x p e c t  some i n t e r n a l  s c a t t e ~ l i - i g  
s i n c e  t h e  e y e  i s  n o t  p e r f e c t l y  homogeneous.) 

Whatever t h e  e x p l a n a t i o n ,  an examina t ion  of T a b l e  1 
r e v e a l s  s e v e r a l  c h a r a c t e r i s t i c s  o f  t h e  expe r imen t s :  

1. The number of s u b j e c t s  who p a r t i c i p a t e d  i n  each  
s t u d y  i s  low, t y p i c a l l y  two p e r s o n s ,  and t h e  
v a r i a t i o n s  i n  t h e  d e r i v e d  v a l u e s  o f  k and n are 
p robab ly  l a r g e l y  caused by, and a n  i n d i c a t i o n  o f ,  
t h e  d i f f e r e n c e  i n  i n d i v i d u a l  a b i l i t y  t o  p e r c e i v e  
c o n t r a s t  i n  a g l a r e  envi ronment .  
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2 .  The i n t e n s i t y  o f  the  g la re  s o u r c e  used i n  t h e  
expe r imen t s  was f a r  below t h a t  t o  b e  encoun te red  
on t h e  moon, i . e . ,  a maximum o f  abou t  50 f t - c d  
i l l u m i n a t i o n  a t  t h e  e y e  compared t o  a s o l a r  con- 
s t a n t  o f  12 ,500  f t - c d .  

3. The range  i n  ang le  o and background b r i g h t n e s s  
BB i s  adequa te  f o r  a p p l i c a t i o n  t o  t he  l u n a r  m i s s i o n .  

The d i f f e r e n c e  i n  g l a r e  s o u r c e  i n t e n s i t y  might b e  con- 
s ide red  a s e r i o u s  o b s t a c l e  t o  e x t r a p o l a t i o n  of t h e s e  r e s u l t s  t o  
t he  l u n a r  envi ronment .  However, as t h e  d a z z l e  mechanism i s  prob-  
a b l y  i n t e r n a l  s c a t t e r ,  and s c a t t e r i n g  w i l l  be s e e n  t o  be a l i n e a r  
f u n c t i o n  o f  the i l l u m i n a t i o n ,  i t  may be  expec ted  t h a t  t h e  vJerLiing 
b r i g h t n e s s  w i l l  remain a l i n e a r  f u n c t i o n  of  i l l u m i n a t i o n  even  f o r  
8 very  h igh  i n t e n s i t y  sou rce  such  as t h e  sun .  

The v a r i a t i o n  i n  k and n i s  a more s e r i o u s  o b s t a c l e .  
Only two o f  t he  e x p e r i m e n t e r s ,  Hol laday  ( 1 9 2 6 )  and S t i l e s  and 
Crawford, s t a t e  t h e  expec ted  u n c e r t a i n t y  o f  t h e i r  r e s u l t s .  Be-  
s ides  the  v a r i a t i o n  from i n d i v i d u a l  t o  i n d i v i d u a l ,  S t i l e s  and 
Crawford (Refe rence  8 )  a l s o  p o i n t  o u t  a day t o  day v a r i a t i o n  
i n  i n d i v i d u a l  r e sponse  of  about  2 0 % .  T h i s  can be  compared t o  
the maximum i n d i v i d u a l  d e v i a t i o n  of  40% and ave rage  d e v i a t i o n  
of 1 2 %  i n  c o n t r a s t  s e n s i t i v i t y  from t h e  f i t t e d  cu rves  r e p o r t e d  
f o r  B l a c k w e l l ' s  T i f f a n y  s t u d i e s  (Reference  25)  which are  t h e  
s t a n d a r d  s o u r c e  of  c o n t r a s t  s e n s i t i v i t i e s  f o r  t h e  non-g lare  s i t u a -  
t i o n .  Such u n c e r t a i n t i e s  have n o t  been  emphasized i n  a p p l i c a t i o n s  
of v i s i b i l i t y  s t u d i e s  t o  t h e  l u n a r  m i s s i o n ,  b u t  a r e  o b v i o u s l y  i m -  
p o r t a n t  i n  any a n a l y t i c a l  v i s u a l  range  estimate.  

To show what t h i s  u n c e r t a i n t y  i n  g l a r e  r e s p o n s e  means 
unde r  l u n a r  c o n d i t i o n s ,  t n e  s o l a r  d a z z l e  luminance a t  n i g n  gate  
has been  p l o t t e d  i n  F i g u r e  6 as a f u n c t i o n  of sun a n g l e  a t  0" 
az imuth .  The a n g l e s  invo lved  are d e f i n e d  i n  F i g u r e  5 and Appendix 
A .  It shou ld  b e  n o t e d  t h a t  e v e r y  p o i n t  i n  t h e  hemisphere abou t  
t h e  t a r g e t  can  be r e f e r r e d  t o  by two combina t ions  0-f sun  a n g l e  
and  az imuth ;  i n  p a r t i c u l a r ,  a sun  a n g l e  of 170" a t  0" az imuth  i s  
t h e  same as a sun  a n g l e  o r  e l e v a t i o n  of  10" a t  180" az imuth .  It 
s h o u l d  a l s o  be  n o t e d  t h a t  i n  F i g u r e  6 a d e c r e a s i n g  sun  a n g l e  
co r re sponds  t o  a n  i n c r e a s i n g  0 .  That i s ,  

o = 180"'- Sun Angle t Look Angle 

where t h e  look  a n g l e  i n  F igu re  6 i s  1 4 . 4 O .  

I n  F i g u r e  6 t h r e e  o f  the d a z z l e  models from Table  1 
are shown: the S t i l e s  (1929)  model above,  t h e  F r y  and Alpern 
model below, and the  S t i l e s  and Crawford s u g g e s t e d  mean v a l u e  
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(BVD) i n  t he  middle .  

+ l o %  v a r i a t i o n .  
ch ich  w i l l  be  d i s c u s s e d  l a t e r ,  and  a cu rve  showing the  l u n a r  
s u r f a c e  b r i g h t n e s s  BB as a f u n c t i o n  of  sun  a n g l e  are a l s o  g i v e n .  

The shading on the  mean cu rve  shows t h e  

A f o u r t h  d a z z l e  cu rve  t a k e n  from Reference  4 2 ,  

The BB cu rve  a c t s  as a r e f e r e n c e  l e v e l  f o r  t h e  d a z z l e  
c u r v e s  i n  t h e  f i g u r e .  
b r i g h t e s t  when t h e  t a r g e t  i s  i n  t h e  washout area a t  a sun  a n g l e  
e q u a l  t o  t h e  look  a n g l e .  A t  t h e  p o i n t  t he  d a z z l e  mechanism comes 
i n t o  p l a y  t h e  s u r f a c e  a p p e a r s  on ly  one t e n t h  as b r i g h t  as a t  
washout and a small d a z z l e  l iminance  has a s t r o n g  e f f e c t  on con- 
t r a s t  l e v e l s .  With t h e  a i d  of Equa t ion  ( 5 )  and t h e  f i g u r e  i t  
can be s e e n  t h a t  c o n t r a s t  would b e  reduced  b y  one ha l f  a t  sun  
a n g l e s  of about  122', 132', and 160° ,  a c c o r d i n g  t o  t h e  cu rves  
o f  S t i l e s ,  S t i l e s  and Crawford, and F r y  and Alpern ,  r e s p e c t i v e l y .  
The S t i l e s  and Crawford mean v a l u e s  w i l l  b e  used  i n  t h i s  s t u d y ,  
as the  more r e c e n t  F r y  and Alpern s t u d y  was concerned w i t h  v e r y  
small  a n g l e s .  

The l u n a r  s u r f a c e  a t  t h e  t a r g e t  a p p e a r s  

The d i s c o n t i n u i t y  i n  t h e  d a z z l e  luminance cu rves  n e a r  
a s u n  a n g l e  of  120' i s  due t o  t h e  s h i e l d i n g  of t h e  e y e  from t h e  
sun  b y  t h e  LM window r i m  and forward  beam. The e x a c t  a n g l e  where 
t h i s  s h i e l d i n g  o c c u r s  i s  dependent upon t h e  e y e  l o c a t i o n  as w e l l  
as the  LM o r i e n t a t i o n ;  th roughout  t h i s  r e p o r t  t h e  eye was assumed 
i n  t he  d e s i g n  e y e  l o c a t i o n .  F i g u r e  7 d i s p l a y s  t h e  d a z z l e  lumi- 
nance cu t -o f f  a n g l e s  f o r  v a r i o u s  LM p i t c h  a n g l e s .  

s o l a r  d a z z l e .  Everyone. from t h e i r  own e x p e r i e n c e ,  knows how 
p a i n f u l  i t  can be t o  look  w i t h i n  30 or 40 degrees o f  the s u n ,  even 
though t h e  d a z z l e  v e i l  may no t  complet,ely wash ou t  d e t a i l s  i n  t h a t  
r e g i o n .  The a u t o m a t i c  response  t o  t h e  d i s c o m f o r t  i s  t o  s q u i n t  or 
shade t h e  eyes w i t h  t h e  hand. S i n c e  n e i t h e r  o f  these methods i s  
r e a l l y  a p p r o p r i a t e , i t  would be b e t t e r  t o  use  a n  e x t e r n a l  s h i e l d .  
The a s t r o n a u t  c o u l d  reduce  t h e  i n t e n s i t y  o f  the  l i g h t  by  use  of  
h i s  E x t r a  V e h i c u l a r  V i s o r  Assembly ( E W A ) ,  b u t  i t  would b e  p r e -  
fe rab le  t o  b l o c k  t h e  l i g h t  from the  c a b i n  a l t o g e t h e r .  The sun  
c o u l d  be b locked  e i t h e r  b y  v a r y i n g  t h e  azimuth b y  20' or more 
t o  t he  l e f t  of 180' as i s  shown by F i g u r e  7 ,  o r  by s h a d i n g  the  
u p p e r  p o r t i o n  of the  window down t o  t h e  h o r i z o n ,  i f  t h i s  i s  con- 
s i d e r e d  o p e r a t i o n a l l y  f e a s i b l e .  

F i g u r e  6 does n o t  t e l l  t h e  f u l l  s t o r y  o f  t h e  e f f e c t  o f  

If d a z z l e  glare  i s  n o t  p r e v e n t e d  by some means or o t h e r ,  
i t  can  h i n d e r  d e t e c t i o n  of  s u r f a c e  f e a t u r e s  t o  a grea t  e x t e n t ,  
e s p e c i a l l y  f o r  forward sun  e l e v a t i o n s  less  t h a n  40' ( sun  a n g l e s  
greater  t h a n  140'). T h i s  i s  i n d i c a t e d  t o  some e x t e n t  i n  F i g u r e  
6 ,  and  w i l l  be shown more c l e a r l y  i n  S e c t i o n  4 . 1 .  But i t  would 
be u n r e a l i s t i c  t o  r e j e c t  a p a r t i c u l a r  l u n a r  d e s c e n t  t r a j e c t o r y  
d u r i n g  m i s s i o n  p l a n n i n g  s o l e l y  on the  basis of  high s o l a r  d a z z l e ,  
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when d a z z l e  w i l l  a lmos t  c e r t a i n l y  be b locked  i n  p r a c t i c e ,  i f  
n o t  by pre-miss ion  m o d i f i c a t i o n s ,  t h e n  by  t h e  a s t r o n a u t ' s  re- 
f l e x i v e  a c t i o n  d u r i n g  d e s c e n t .  

3 .3  Sca t t e r  

I n  a d d i t i o n  t o  the  loss i n  v i s i b i l i t y  due t o  d a z z l e ,  
a f u r t h e r  loss can  o c c u r  due t o  any p a r t i c l e s  or f i l m s  t h a t  may 
be d e p o s i t e d  on t h e  commander's window. A t h i c k  opaque mass 
w i l l  b l o c k  t h e  view o f  s u r f a c e  f e a t u r e s  beh ind  i t ;  a t h i n n e r  
d e p o s i t  w i l l  s c a t t e r  l i g h t  f r o m  the  s u n ,  LM s t r u c t u r e  and l u n a r  
s u r f a c e  i n c i d e n t  u p o n . i t  i n t o  t h e  commander's l i n e  o f  s i g h t ,  
c r e a t i n g  a b r i g h t  v e i l  o v e r  t h e  s cene  and lower ing  c o n t r a s t  i n  
t h e  manner d e s c r i b e d  p r e v i o u s l y .  

3 . 3 . 1  Sources  of S c a t t e r  Cont.aminants 

S e v e r a l  p o t e n t i a l  s o u r c e s  f o r  f i l m  and p a r t i c u l a t e  
d e b r i s  have been sugges t ed :  

1. Spacecraft/LM Adapter (SLA) p y r o t e c h n i c  s e p a r a t i o n ;  

2 .  Ou tgass ing  of  s p a c e c r a f t  mater ia l s ;  

3. Plume impingement from the  SM-RCS; 

4 .  Plume impingement from t h e  LM-RCS. 

I n  regard t o  t h e  f irst  s o u r c e ,  p i c t u r e s  t a k e n  i n  t h e  
SLA d u r i n g  the  f l i g h t  of  SA-202 had shown a l a r g e  amount of  d e b r i s  

t h e  b las t  s h i e l d s  about  t h e  f u s e  have r e c e n t l y  been r e d e s i g n z d  
and t h e  t o t a l  amount of  e x p l o s i v e  reduced  s o  t h a t  MSC does n o t  
p r e s e n t l y  r e c o g n i z e  any d e b r i s  problem from t h i s  s o u r c e  ( R e f -  
e r e n c e  4 5 ) .  

Cn-m C l r -  ; InC- - -C< .n -  C I I C . ~  ~ . v L 4 f i n h  m n n r ~ w o t n m  t k a  C T  A p z ~ n l ~ .  Ec>.re~.,ey 
II Ulll C I A I L  Ub U v l l u v L l l b  I Uub v . I A A U * *  ubp- .~  UYIY V I * -  V - S L  J 

So-ca l l ed  o u t g a s s i n g  of  mater ia ls  abou t  t h e  window 
area,  t he  second p o t e n t i a l  source  of  window d e b r i s ,  was a s e r i o u s  
problem on s e v e r a l  Gemini f l i g h t s ,  n o t a b l y  Gemini V I 1  and Gemini 
XI. On Gemini X I ,  f o r  example: a c l e a r  b u t  l i g h t - d i f f u s i n g  o i l y  
p a t c h  abou t  4 by 6 i n c h e s  formed on t h e  command p i l o t ' s  window. 
It became more prominent  d u r i n g  t h e  f l i g h t  and was s e v e r e  enough 
t h a t  t h e  command p i l o t  had g r e a t  d i f f i c u l t y  i n  s e e i n g  a f i r s t -  
magnitude s t a r  (Refe rence  2 4 ) .  It was found t h a t  the  f i l m  was 
composed of condensable  s i l i c o n e  o i l s  from t h e  s i l i c o n e  g a s k e t s  
and s e a l a n t s  around t h e  window. Be fo re  t h e  Gemini X I 1  f l i g h t  
t h e  gaskets were vacuum pos t - cu red  and a l l  t h e  excess  s e a l a n t s  
w e r e  removed from t h e  window area. The t r e a t m e n t  was s u c c e s s f u l  
and no con tamina t ion  due t o  o u t g a s s i n g  was no ted  on t h e  l a s t  
Gemini f l i g h t  (Refe rence  10). S i m i l a r  measures  are b e i n g  t a k e n  
t o  f o r e s t a l l  any such  problem on the  LM. 



. 

BELLCOMM, INC. - 17 - 

Window contaminat ion  due t o  RCS plume impingement,  
t h e  r ema in ing  p o s s i b l e  sou rce  l i s t e d  above, was f i rs t  r e c o g n i z e d  
as a p o s s i b l e  problem d u r i n g  i n v e s t i g a t i o n s  o f  i g n i t i o n  p r e s s u r e  
s p i k e s  i n  t h e  RCS e n g i n e  chambers i n  t e s t s  performed a t  MSC,  
Marquardt  and t h e  Bureau o f  Mines i n  1966 (Refe rences  11, 1 4 ,  1 8 ) .  

After t h e  r u n s  a t  MSC, r e s i d u e  f o r c e d  o u t  of t h e  e n g i n e  
d u r i n g  the  t e s t  was found on the t e s t  s t a n d  and on t h e  c e i l i n g  
above the  e n g i n e .  Both s o l i d  and l i q u i d  forms o f  t he  r e s i d u e  
were observed .  The l i q u i d  form o f  t h e  r e s i d u e  ranged  from q u i t e  
w a t e r y  t o  ve ry  v i s c o u s  i n  c o n s i s t e n c y  and from s t raw-yel low t c  
dark  brown i n  c o l o r .  It was a p p a r e n t l y  o f  ve ry  low vapor  pres -  
s u r e  s i n c e  some l i q u i d  was observed  t o  remain i n  t h e  e n g i n e s  fgr 
more t h a n  an  hour  a t  a t e s t  c e l l  p r e s s u r e  of 5011 H g  w i t h  an  Ffnrrlqe 
t e m p e r a t u r e  g rea te r  t h a n  100OF. A s o l i d  r e s i d u e ,  a w h i t i s h - t a n  
c r y s t a l l i n e  material  r e sembl ing  brown s u g a r  or j e w e l e r ' s  r o u g e ,  
was a l s o  found a t  times on t h e  t e s t  s t a n d  and i n  t h e  n o z z l e  ex-  
t e n s i o n ,  The l i q u i d  r e s i d u e  cou ld  be t r ans fo rmed  i n t o  t h i s  s o l i d  
form i f  h e l d  a t  a h igh  vacuum (0.1~ H g )  f o r  s e v e r a l  h o u r s .  Tes t s  
were r u n  w i t h  h y d r a z i n e ,  monomethyl h y d r a z i n e  (MMH), u n s y m e t r i c a l  
d i m e t h y l  h y d r a z i n e  ( U D M H ) ,  and Aerozine-50 (50% h y d r a z i n e ,  50% 
UDMH) f u e l s ,  and s imi la r  r e s i d u e s  were found i n  e a c h  c a s e .  MMH 
was found t o  produce less r e s i d u e  t h a n  Aerozine-50 and was chosen 
f o r  t h e  SM-RCS s y s t e m  t o  reduce  e x p l o s i o n  h a z a r d s  from t h e  r e s i d u e  
whi le  Aerozine-50 was r e t a i n e d  f o r  t h e  LM-RCS. 
t e t r o x i d e  i s  t h e  o x i d i z e r  i n  b o t h  s y s t e m s . )  Ana lys i s  of t h e  r e s i -  
due formed by the  two f u e l s  showed i t  t o  be p r i n c i p a l l y  h y d r a z i n e  
n i t r a t e ,  i n  t h e  case of  Aerozine-50, and monomethyl h y d r a z i n e  
n i t r a t e ,  i n  t h e  c a s e  o f  MMH. 

( I n h i b i t e d  n i t r o g e n  

The Bureau of Mines a l s o  s t u d i e d  t h e  e n g i n e  r e s i d u e s  
and confirmed MSC's f i n d i n g s .  Mr. H .  P u r l e e  of  t h e  Bureau has 
d e s c r i b e d  t h e  Aerozine-50 r e s i d u e  as a csnglomera te  of l o n g  
needle-shaped  c r y s t a l s  i n  a mother  l i q u o r ,  which i s  p robab ly  a 
c o n c e n t r a t e d  s o l u t i o n  of n i t r a t e s  and a z i d e s  or n i t r i t e s  i n  water.  
Ammonium n i t r a t e  could  a l s o  be p r e s e n t  i n  some c a s e s .  C r y s t a l s  
as small as .01 mm ( 1 0 ~ )  and as l a r g e  as s e v e r a l  i n c h e s  have been 
obse rved ,  o f t e n  a p p e a r i n g  i n  s t e l l a t e  forms (Refe rence  4 4 ) .  (The 
c r y s t a l  s i z e  i s  h i g h l y  dependent  on the  c o n c e n t r a t i o n  o f  t h e  
mother  l i q u o r ,  the  temperature and t h e  t i m e  s i n c e  d e p o s i t i o n .  
On t h e  LM window any c r y s t a l s  would p robab ly  be m i c r o s c o p i c ,  b u t  
t he  e x a c t  s i z e  would be  ex t remely  d i f f i c u l t  t o  es t imate . )  The 
i n d e x  of  r e f r a c t i o n  of t h e  mother l i q u o r  has n e v e r  been measured,  
b u t  t h e  i n d e x  of pu re  hydraz ine  n i t r a t e  c r y s t a l s  has been found 
t o  r ange  between 1 . 4 5  and 1 . 6 2 ,  depending  on t h e  c r y s t a l  a x i s  
o r i e n t a t i o n  (Refe rence  2 0 ) .  The s c a t t e r  model deve loped  i n  t h i s  
r e p o r t  i n c o r p o r a t e s  as many o f  t hese  c h a r a c t e r i s t i c s  o f  t h e  r e s i -  
due as p o s s i b l e .  
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O f  t h e  two p o s s i b l e  s o u r c e s  o f  RCS plume contamina- 
t i o n ,  t h e  SM-RCS i s  o f  secondary  impor tance .  The -x t h r u s t e r  
i n  quad A p o i n t s  rough ly  toward t h e  commander's s ide  o f  t he  
LM. However, t he  commander's window i s  a t  least  1 8  f e e t  away 
from i t ,  and i s  w e l l  p r o t e c t e d  b y  t h e  a s c e n t  stage s t r u c t u r e .  

A f a r  more s e v e r e  impingement problem ar ises  from t h e  
LM's own RCS t h r u s t e r s ,  s p e c i f i c a l l y  t h e  upward ( I - u )  and f o r -  
ward ( I - f )  p o i n t i n g  t h r u s t e r s  i n  R C S  quad I ,  which are mounted 
about  3-1/2 f ee t  from the  commander's window (see  F i g u r e  1). 
To d e t e r m i n e  t h e  s e v e r i t y  o f  t h i s  problem, an  exper iment  (Ref-  
e r e n c e  1 5 )  was conducted a t  MSC i n  February-March of  1966  t o  
measure t h e  loss i n  t r a n s m i s s i o n  and i n c r e a s e  i n  s c a t t e r e d  l i g h t  
i n  t he  window (and  Alignment O p t i c a l  Te le scope )  a f t e r  exposure  
t o  t h r u s t e r  I-u i n  a complete  d e s c e n t / a s c e n t  sequence .  Tests  
were c a r r i e d  o u t  i n  t h e  20-foot vacuum chamber o f  t h e  A u x i l i a r y  
P r o p u l s i o n  Test F a c i l i t y  employing a f u l l - s c a l e  RCS t h r u s t e r .  
After  exposure  t o  t h e  plume, t h e  window samples ( w i t h  bo th  HEA 
and WBHM c o a t i n g s )  were removed from t h e  chamber and t r a n s m i s s i o n  
and s c a t t e r  were measured w i t h  a photometer .  The r e s u l t s  showed 
a 25% loss i n  t r a n s m i s s i o n  t h r o u  h t h e  window and an i n c r e a s e  

s t i l l  small. 
i n  s c a t t e r  by a f a c t o r  o f  1 0  t o  f 0 ,  a l t h o u g h  t o t a l  s c a t t e r  was 

The t e s t  r e p o r t  s t a t e s  t h a t  these v a l u e s  are q u a l i t a -  
t i v e  g u i d e s ,  ra ther  t h a n  q u a n t i t a t i v e l y  a c c u r a t e  measures .  The 
l i m i t e d  scope  o f  t h e  exper iment  d id  n o t  p e r m i t  c o n t r o l  o f  a l l  
t h e  env i ronmen ta l  f a c t o r s ,  n o t a b l y  humidi ty  and t e m p e r a t u r e ,  
t h a t  govern t h e  o p t i c a l  p r o p e r t i e s  of  t h e  r e s i d u e .  I n  p a r t i c u -  
l a r ,  no ev idence  o f  t h e  c r y s t a l l i n e  r e s i d u e  found e a r l i e r  was 
n o t e d  d u r i n g  the  o p t i c a l  t e s t s  ( a p p a r e n t l y  because  t h e  h y g r o s c o p i c  
n i t r a t e s  had d e l i q u e s c e d  i n  t h e  humid atmosphere l e a v i n g  on ly  
mic roscop ic  s c a t t e r i n g  c e n t e r s  i n  t h e  l i q u i d ) .  The r e s i d u e  evap- 
o r a t i o n  and c r y s t a l  fo rma t ion  ra tes  were p r o b a b l y  a l s o  s t r o n g l y  
a f f e c t e d  by t h e  chamber and sample t e m p e r a t u r e s ,  which were n o t  
a t  l u n a r  mis s ion  l e v e l s  (Reference  2 2 ) .  None the le s s ,  because  
t h e  l i q u i d  r e s i d u e  i s  probably  a l e s s  p o t e n t  s c a t t e r e r  t h a n  t h e  
s o l i d  form, t h e  e x p e r i m e n t a l  v a l u e s  can p robab ly  b e  t aken  as a 
lower  bound f o r  window d e g r a d a t i o n .  The i n d e x  of r e f r a c t i o n  of 
t n e  r e s i d u e ,  wnicn can  b e  d e r i v e d  from t h e  s c a t t e r  measurements,  
i s  p robab ly  a l s o  approximate ly  c o r r e c t  and p r o v i d e s  a check p o i n t  
f o r  t h e  t h e o r e t i c a l  model. 

3 .3 .2  The S c a t t e r  Model 

A t h e o r e t i c a l  model was developed  i n  o r d e r  t o  i n c l u d e  
s c a t t e r i n g  e f f e c t s  i n  t he  s t u d y  o f  glare and t o  f i l l  t h e  gap 
l e f t  b y  t h e  absence  of  good e x p e r i m e n t a l  data.  I n  b r i e f ,  t h e  
model c o n s i s t s  of a t h i n  f i l m  o f  mother l i q u o r  on the  o u t e r  
window pane ,  which c o v e r s  t h e  Ac t ive  S c a t t e r i n g  Area un i fo rmly  
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and has a nominal i ndex  of r e f r a c t i o n  e q u a l  t o  t h a t  of w a t e r  

be r  of  t r a n s p a r e n t  o r  s l i g h t l y  a b s o r b e n t  s p h e r i c a l  s c a t t e r i n g  
p a r t i c l e s  of Various s i z e s ,  a l l  of t h e  same r e f r a c t i v e  i n d e x ,  

The p a r t i c l e  d e n s i t y  per u n i t  a r e a  i s  s u f f i c i e n t l y  s m a l l  n 
t h a t  m u l t i p l e  s c a t t e r i n g  ( i . e . ,  s c a t t e r i n g  b y  a p a r t i c l e  of 
a l ready  s c a t t e r e d  l i g h t )  i s  unimpor tan t .  Both a l a r g e  range  
i n  p a r t i c l e  s i z e  and a large mean s i z e  ( a t  least  s e v e r a l  wave- 
l e n g t h s  i n  d i a m e t e r )  a r e  assumed, i n  acco rd  w i t h  t h e  known prop-  
e r t i e s  of t h e  RCS r e s i d u e .  Because o f  t h e  l a r g e  s p r e a d  i n  s i z e  
and t h e  random p a r t i c l e  placement ,  phase  e f f e c t s  i n  t h e  l i g h t  
s c a t t e r e d  by d i f f e r e n t  p a r t i c l e s  w i l l  c a n c e l  and can be i g n o r e d .  
Thus ,  t h e  t o t a l  i n t e n s i t y  o f  the  s c a t t e r e d  l i g h t  w i l l  be t h e  sum 
of the  i n d i v i d u a l  p a r t i c l e  i n t e n s i t i e s .  

= 1 . 3 3 ) .  Suspended a t  random i n  t h i s  f i l m  are a l a r g e  num- ("F 

S '  

3 . 3 . 2 . 1  S i n g l e  P a r t i c l e  S c a t t e r i n g  

incoming l i g h t  and s c a t t e r  i t  over  a whole s p h e r e ,  t h e  i n t e n s i t y  
i n  any d i r e c t i o n  b e i n g  i n  accord  w i t h  t h e  s c a t t e r i n g  law f o r  
t h a t  p a r t i c l e .  F i g u r e  8 ,  which i n c l u d e s  p o l a r  s c a t t e r  p l o t s  
f o r  f i v e  p a r t i c l e s  of d i f f e r e n t  d i a m e t e r s ,  demons t r a t e s  how 
g r e a t l y  t h e  i n t e n s i t y  can vary w i t h  a small change i n  s i z e .  The 
diagrams a l s o  show t h e  ser ies  o f  maxima and minima which a p p e a r  
when the  p a r t i c l e s  a r e  about  a wavelength ( .555 p) i n  circum- 
f e r e n c e  and which become i n c r e a s i n g l y  numerous as t h e  s i z e  grows 
s t i l l  l a r g e r .  With t h e  i n c r e a s e  i n  s i z e ,  t h e  s c a t t e r e d  l i g h t  
i s  more and more c o n c e n t r a t e d  i n  t h e  fo rward  d i r e c t i o n  and t h e  
t o t a l  f l u x  s c a t t e r e d  i n c r e a s e s  enormous1 y - T?-IP:P l?st tvc c h i r z s -  
t e r i s t i c s  a r e  n o t  t o o  e v i d e n t  from t h e  diagrams, which a r e  n o t  
drawn t o  t h e  same s c a l e ;  however, t h e  forward  ( 8  = 0 ' )  i n t e n s i t y  
of t h e  l a r g e s t  p a r t i c l e  i s  a b o u t  lo6 t imes  tha t  of  t h e  p a r t i c l e  
one t e n t h  i t s  diameter. 

Each p a r t i c l e  i n  t h e  A S A  w i l l  i n t e r c e p t  some of  t h e  

The f a c t  that  t h e  s c a t t e r e r s  a r e  i n  t h e  p r e s e n t  c a s e  
c o n s i d e r a b l y  larger  t h a n  a wavelength of l i g h t ,  p e r m i t s  a con- 
s iderable  s i m p l i f i c a t i o n  i n  t h e  f o r m  o f  t h e  s c a t t e r i n g  law. 
I n s t e a d  of  the  r igorGus  e x p r e s s i o n  der4.tred b y  Mie i n  1908 from 
Maxwel l ' s  e q u a t i o n s ,  i t  i s  p o s s i b l e  t o  u s e  a c l a s s i c a l  approx i -  
mat ion  t o  i t ,  which e x p r e s s e s  t h e  t o t a l  s c a t t e r e d  i n t e n s i t y  as 
t h e  sum of  t h e  l i g h t  d i f f r a c t e d ,  r e f l e c t e d ,  and r e f r a c t e d  ( w i t h -  
o u t  i n t e r n a l  r e f l e c t i o n )  by  t h e  p a r t i c l e .  The work of B r i c a r d  
(Refe rence  33)  and of Hodkinson and Greenleaves  (Refe rence  1 3 )  
has shown t h a t  t h i s  approximation i s  v a l i d  w i t h i n  roughly  1 0 %  
f o r . p a r t i c l e s  l a r g e r  t h a n  3 o r  4 wavelengths  (1.5-2 p) i f  there  
i s  a l s o  a t  l ea s t  a 2 t o  1 range i n  p a r t i c l e  s i z e  t o  smooth o u t  
phase  e f f e c t s .  
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The u s e  o f  s p h e r i c a l  s c a t t e r s  i n  the  model,  where 
t h e  r e s i d u e  c r y s t a l s  are d e s c r i b e d  as needle-shaped,  i s  a f u r -  
t h e r  approx ima t ion .  However, i t  has been shown (Refe rence  2 3 )  
t h a t  t h e  ave rage  d i f f r a c t i o n  and r e f l e c t i o n  o f  a l a r g e  mono- 
d i s p e r s e  (uni form s i z e d )  ensemble o f  randomly-or ien ted  p a r t i c l e s  
w i l l  n o t  d i f f e r  from t h a t  o f  a mass o f  spheres o f  e q u a l  p r o j e c t e d  
area.  Even for p o l y d i s p e r s i o n s ,  Donn and Powell  e t . a l  (Reference  
1 2 ,  19) have proven t h a t  i t  i s  p o s s i b l e  t o  f i n d  a s i z e  d i s t r i b u -  
t i o n  o f  s p h e r e s  which s c a t t e r  approx ima te ly  l i k e  t h e  s e t  o f  i r r e g -  
u l a r  p a r t i c l e s ,  a t  l ea s t  a t  one wavelength or o v e r  a r e s t r i c t e d  
range  of  e. And s i n c e  r e f r a c t i o n  from n e e d l e s  can  be expec ted  
t o  b e  more s h a r p l y  peaked i n  t h e  forward  d i r e c t i o n  t h a n  t h a t  from 
s p h e r e s ,  u se  o f  a s p h e r e  model i n  t h e  l u n a r  g l a re  a n a l y s i s  w i l l  
r e s u l t ,  if a n y t h i n g ,  i n  c o n s e r v a t i v e l y  low c a l c u l a t e d  c o n t r a s t s  
o v e r  t h e  range  o f  e of  i n t e r e s t .  

With these  assumpt ions ,  the i n t e n s i t y  o f  t h e  s c a t t e r e d  
l i g h t  a t  an a n g l e  e due t o  a s i n g l e  p a r t i c l e  i l l u m i n a t e d  by an  
i n c i d e n t  p l a n e  wave can b e  w r i t t e n  as 

2 2  The f i r s t  f a c t o r ,  A x E O / 4 r ,  i s  s imply t h e  i n c i d e n t  f l u x  on t h e  

p a r t i c l e :  t h e  i n c i d e n t  i l l u m i n a t i o n  Eo ( f l u x / u n i t  a rea)  t imes 
the  c r o s s  s e c t i o n a l  area o f  t h e  s p h e r i c a l  p a r t i c l e ,  exp res sed  
here  i n  terms of' t h e  s i z e  parameter  x = n a i h ,  wnere a is cne  
diameter and A i s  t h e  wavelength o f  t h e  i n c i d e n t  l i g h t .  The 

2 
+ 'Os , where 2 second f a c t o r  i s  t h e  Rayleigh f u n c t i o n ,  R = 

e i s  measured from t h e  forward d i r e c t i o n .  

The D t e r m  i n s i d e  t h e  b r a c k e t s  i s  t h e  well-known A i r y  
diffraction formula 
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where J1 i s  t h e  Bessel f u n c t i o n  of o r d e r  1. 

F and R are  t h e  r e f l e c t i o n  and r e f r a c t i o n  components, 
r e s p e c t i v e l y ,  which were f i r s t  d e r i v e d  by Wiener i n  1 9 0 7 .  They  
can be w r i t t e n ,  i n  Hodkinsons'  f o r m u l a t i o n  (Refe rence  1 3 )  as 

3 3 (ns - cos$ )  
2 

4 (ns cos+ -1) 
(1 t sec  $ )  2 R(e ,nS)  = - 

where + = 0 /2 ,  

2 1/2 and f = [n: - 1 t s i n  $1 

I t  2s i - ~ c r t z - t  t c  r , ~ t p  thz+ n 15 2- fi j .nrt .-fnn n f  the si7.p o f  the 
p a r t i c l e  t u t  n o t  o f  i t s  index  o f  r e f r a c t i o n ,  w h i l e  F and R a re  
f u n c t i o n s  of t he  i n d e x  of r e f r a c t i o n  b u t  n o t  o f  t h e  s l z e .  P ,  
t h e  l a s t  t e r m ,  i s  a f u n c t i o n  o f  b o t h .  P r e p r e s e n t s  t h e  phase  
e f f e c t s  between t h e  d i f f r a c t e d ,  r e f l e c t e d ,  and r e f r a c t e d  r a y s .  
I n  a p o l y d i s p e r s i o n ,  B r i c a r d  h a s  shown t h a t  only  t h e  i n t e r f e r e n c e  
between t h e  d i f f r a c t e d  and r e f l e c t e d  waves i s  i m p o r t a n t ,  and P 
becomes i n  t h a t  c a s e ,  

where 
z = x s i n 0  

6 = 2 s i n ( 0 / 2 )  

1 / 2  cos2 (0 /2  ) 
c = 4 C r ( n s ) l  s i n 0  
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and r (n , )  i s  t h e  r e f l e c t a n c e  o f . t h e  p a r t i c l e  c a l c u l a t e d  by t h e  

s t a n d a r d  F r e s n e l  f o r m i l a  

s i n 2  ( e  - e ' >  + t a n 2  ( e  - e ' )  
s i n 2  ( e  + e ' >  t a n 2  ( e  + e t )  

r (n , )  = 

where 

s i n  8 nF 
"S 

s i n e '  = - 

n b e i n g  t h e  index  o f  r e f r a c t i o n  of t h e  f i l m  o r  mo+Yher l i q u o r .  F 

P i s  only  i m p o r t a n t  f o r  small s c a t t e r e r s ,  s i n c e  i n  
l a r g e  ones the  d i f f r a c t e d  component i s  n e a r l y  z e r o  e x c e p t  for 
8 % 0 (where t h e  c l a s s i c a l  approximat ion  i s  i n v a l i d  i n  any c a s e ) .  

3 .3 .2 .2  P a r t i c l e  S i z e  D i s t r i b u t i o n  

I n  o r d e r  t o  de t e rmine  t h e  t o t a l  i n t e n s i t y  o f  t h e  
s c a t t e r e d  l i g h t  from a l l  t he  p a r t i c l e s  i n  t h e  ASA, t h e i r  s i z e  
d i s t r i b u t i o n  must be  t a k e n  i n t o  accoun t .  It was n o t  c o n s i d e r e d  
f eas ib l e  t o  a t t e m p t  t o  d e r i v e  t h e  d i s t r i b u t i o n  from f i r s t  p r i n -  
c i p l e s ,  g iven  t h e  number of f a c t o r s  gove rn ing  p a r t i c l e  growth 
i n  t h i s  c a s e .  I n s t e a d ,  t h e  p a r t i c l e  number d e n s i t y  was assumed 
+?  z neg;=ltive p x p o n e n t i a l  f u n c t i o n  o f  t h e  s i z e  parameter. 
The n e g a t i v e  e x p o n e n t i a l  d i s t r i b u t i o n  e x h i b i t s  t h e  p r o p e r  phys- 
i c a l  c h a r a c t e r i s t i c s  t h a t  e x p e r i e n c e  w i t h  small p a r t i c l e  d i s -  
t r i b u t i o n s  leads one t o  e x p e c t :  small p a r t i c l e s  a re  more numerous 
than large ones and s i z e s  a r e  d i s t r i b u t e d  i n  a skewed unimodal 
cu rve .  A modi f ied  lognormal  f u n c t i o n ,  such  a s  t h e  Upper L i m i t  
E q u a t i o n  o f  Mugele and Evans (Refe rence  17) might h;ve somewhat 
more t h e o r e t i c a l  j u s t i f i c a t i o n ,  b u t  would n o t  pe rmi t  a c l o s e d  
form s o l u t i o n  f o r  the s c a t t e r e d  i n t e n s i t y .  Given t h e  e x p e c t e d  
accu racy  of t he  e x p e r i m e n t a l  data  t o  which t h e  model was f i t t e d ,  
t h e  u s e  of t he  Upper L i m i t  Equat ion  was n o t  c o n s i d e r e d  Iniari-anted. 
Also ,  due t o  t h e  r e l a t i v e l y  large s i z e  o f  t h e  s c a t t e r i n g  p a r t i c l e s ,  
e r r o r s  i n  e s t i m a t i n g  t h e  p a r t i c l e  s i z e  and s i z e  d i s t r i b u t i o n  were 
n o t  e x p e c t e d  t o  be  s i g n i f i c a n t  o v e r  t he  range  of 0 o f  i n t e r e s t  
i n  t h i s  s t u d y .  To check t h i s  assumpt ion ,  tLe s c a t t e r e d  i n t e n s i t y  
of a un i fo rm d i s t r i b u t i o n  was a l s o  c a l c u l a t e d .  

A s  shown i n  Appendix B t h e  t o t a l  i n t e n s i t y  a t  a n g l e  
e from t h e  forward d i r e c t i o n  of t h e  sun  l i g h t  s c a t t e r e d  b y  t h e  
p a r t i c l e s  i n  t he  ASA can b e  w r i t t e n  f o r  any d i s t r i b u t i o n  as 
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where a ( x )  i s  t h e  c r o s s - s e c t i o n a l  area of  a p a r t i c l e  w i t h  s i z e  
parameter x ,  p ( x )  i s  the  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  t h e  
s i z e  d i s t r i b u t i o n  chosen ,  

. 
i s  t h e  mean c r o s s - s e c t i o n a l  area o f  t h e  p a r t i c l e s  i n  t h e  A S A ,  

i s  t h e  t o t a l  c r o s s - s e c t i o n a l  area of  the  ensemble o f  

p a r t i c l e s .  
and a~~~ 

For  the  uni form d i s t r i b u t i o n ,  w i t h  p = 0 and the 
approximat ions  g iven  i n  Appendix D, Equa t ion  (.17) becomes 

f E - a ,  s i n  e - > 1 .5 /x  (18-~) 2 3  1 R FtR t -7 
r s i n  e 4x - _ _ _  Q .i’OT I 

1 I( e ) =  
2 r 3x 1 

s i n  e < 1.5 /x  ( 1 8 - B )  

X b e i n g  t h e  s i z e  parameter o f  t h e  p a r t i c l e  o f  mean diameter .  m e  an  

F o r  t h e  n e g a t i v e  e x p o n e n t i a l  d i s t r i b u t i o n  the  i n t e n s i t y  
Equa t ion  (17) becomes 

where 2 q  i s  t h e  parameter o f  the n e g a t i v e  e x p o n e n t i a l  d i s t r i b u t i o n  
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1 = -). K and E are t h e  complete e l l i p t i c  i n t e g r a l s  of mean 2q (X 

t h e  f i rs t  and second k i n d s ,  r e s p e c t i v e l y ,  and k i s  t h e i r  modulus. 
The v a r i a b l e s  B ,  P, IC, 5 ,  and rl are a u x i l i a r y  f u n c t i o n s  of  o 
d e f i n e d  i n  Appendix C. 

3 .3 .2 .3  Luminance o f  t h e  ASA 

Once t h e  s c a t t e r e d  i n t e n s i t y  has been c a l c u l a t e d  accord-  
i n g  t o  t h e  above formulae ,  t h e  luminance o f  t he  ensemble o f  p a r -  
t i c l e s ,  BS, f o l l o w s  d i r e c t l y .  
where A 
of s i g h t .  
s i g h t  i s  normal t o  t h e  window and Ao/cos+ t h e  area wher, t h e  l i n e  
of s i g h t  i s  a t  any a n g l e  I$ from the  normal ( F i g u r e  3 ) ,  t h e n  

By d e f i n i t i o n  BS = I ( e ) / A p r o j  

But i f  A. i s  t h e  area of  the  A S A  when the  l i n e  o f  
i s  t h e  area of t h e  A S A  p r o j e c t e d  normal  t o  t he  l i n e  

P r o j  

and 

The s c a t t e r i n g  c o e f f i c i e n t  CY d e f i n e d  b y  Equa t ion  ( 2 0 )  i s  seen  
t o  b e  t h e  r a t i o  of  t h e  t o t a l  g e o m e t r i c a l  c r o s s  s e c t i o n a l  a r e a  
o f  the  s c a t t e r i n g  p a r t i c l e s  t o  t he  area of  the  A S A .  T h i s  d e f i -  
n i t i o n  d i f fe rs  from the more u s u a l  d e f i n i t i o n  of t he  s c a t t e r i n g  
c o e f f i c i e n t ,  u o ,  which i s  t h e  r i t i o  of t he  sum of  t he  s c a t t e r i n g  
c r o s s  s e c t i o n s  of a l l  the p a r t i c l e s  t o  t he  area o f  t h e  A S A ,  o r  
e q u i v a l e n t l y ,  t h e  r a t i o  of  t h e  t o t a l  s c a t t e r e d  f l u x  t o  t he  t o t a l  
i n c i d e n t  f l u x .  T h i s  l a s t  d e f i n i t i o n  i s  t h e  one used  i n  t h e  p r e -  
v i o u s  LM g la re  a n a l y s i s ,  Reference 4 2 ,  which i s  d i s c u s s e d  below. 
The r a t i o  o f  o0 t o  o i s  t h e  average  s c a t t e r i n g  e f f i c i e n c y  coef -  
f i c i e n t  o f  t h e  d i s t r i b u t i o n ,  and f o r  t he  r ange  of  p a r t i c l e  s i z e  
c o n s i d e r e d  i n  t h i s  s t u d y  i s  approximate ly  e q u a l  t o  2 .  

Using u ,  BS t h e n  becomes 

- Eo [I] BS - 

where [I], s c a t t e r e d  i n t e n s i t y / i n c i d e n t  f l u x ,  i s  t h e  p o r t i o n  o f  
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I ( e )  i n  Equa t ions  ( 1 8 a ) ,  (18111, and (19) e n c l o s e d  i n  s q u a r e  
b r a c k e t s .  The s c a t t e r  v e i l i n g  luminance ,  BVS, can be found 
from BS once t h e  e f f e c t s  of  t he  f i l m  i n  which t h e  p a r t i c l e s  
a re  c o n s i d e r e d  embedded are de termined .  

3 .3 .2 .4  F i lm E f f e c t s  

Due t o  i t s  (nominal )  i n d e x  of  r e f r a c t i o n  nF = 1 . 3 3  
and t r a n s m i s s i o n ,  t ,  the  f i l m  has s i x  e f f e c t s  on t h e  s c a t t e r e d  
l i g h t :  

1. 

2 .  

3 .  

4. 

5.  

6 .  

The r e l a t i v e  i n d e x  of  r e f r a c t i o n  of t he  p a r t i c l e s  
t o  the  s u r r o u n d i n g  medium i s  reduced:  nS + n /n S F; 

The wavelength of  l i g h t  i s  reduced:  A + X/nF; 

The i n t e n s i t y  o f  t h e  s c a t t e r e d  l i g h t  i s  decreased 
b y  t h e  amount (1-t) absorbed  o r  r e f l e c t e d  b y  t h e  
f i l m ;  

The s c a t t e r i n g  a n g l e  8 i s  smaller i n s i d e  t h e  f i l m  
t h a n  t h e  va lue  measured o u t s i d e ;  

The s o l i d  a n g l e  c o n t a i n i n g  the  s c a t t e r e d  f l u x  i s  
smaller i n s i d e  t h e  f i l m  t h a n  o u t s i d e  and the  i n -  
t e n s i t y  i s  consequent ly  g rea te r ;  

The i n c i d e n t  beam i s  broaded  i n s i d e  t h e  f i l m ,  and 
t h e  i l l u m i n a t i o n  on the s c a t t e r e r s  i s  consequen t ly  
less .  

The e v a l u a t i o n  of e f f e c t s  5 and 6 may be found i n  Reference  2 1 ;  
e f f e c t  number 4 i s  a s t r a i g h t f o r w a r d  a p p l i c a t i o n  of  S n e l l ' s  l a w .  

3 .3 .2 .5  S c a t t e r  C h a r a c t e r i s t i c s  

I n  o r d e r  t o  g i v e  a n  idea of t he  r e l a t i v e  c o n t r i b u t i o n  
nP ~ e f l e e t i o n ,  r e f r a c t i o n ,  and d i f f r a c t i o n  p l z s  phase e f f e c t s  i n  
t h e  two d i s t r i b u t i o n s ,  F i g u r e  9 was prepared.  The c a s e s  shown 
i n c l u d e  f o u r  combinat ions o f  s c a t t e r e r  i ndex  o f  r e f r a c t i o n  and 
mean diameter f o r  t h e  e x p o n e n t i a l  d i s t r i b u t i o n  (models w ,  x ,  y ,  z )  
and two o f  t he  same combinat ions f o r  the uni form d i s t r i b u t i o n  
(models  u ,  v ) .  The v a l u e s  chosen r e p r e s e n t  t he  expec ted  maxima 
and minima f o r  t he  window r e s i d u e ,  and the  p l o t s  are a r r a n g e d  
from t o p  t o  bot tom i n  o r d e r  of i n c r e a s i n g  e f f e c t  on l u n a r  s u r -  
f a c e  c o n t r a s t  as found b y  comparison o f  t he  co r re spond ing  CRs. 
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I t  can b e  seen  t h a t  t h e  major r e a s o n  f o r  t h e  d e c r e a s e  i n  re la-  
t i v e  c o n t r a s t  i s  t h e  widening o f  t h e  forward  l o b e  a s  the  i n d e x  
of r e f r a c t i o n  i n c r e a s e s  and t h e  s i z e  d e c r e a s e s .  F ive  o t h e r  
c h a r a c t e r i s t i c s  of  t h e  s c a t t e r  i n t e n s i t y  a r e  n o t a b l e :  

1. The wide r ange  of  s i ze s  i n  t h e  p o l y d i s p e r s i o n  h a s  
s u p r e s s e d  t h e  extreme i r r e g u l a r i t y  v i s i b l e  i n  t h e  
s i n g l e - p a r t i c l e  s c a t t e r  c u r v e s  of  F i g u r e  8;  

2 .  D i f f r a c t i o n  i n  t h e  uni form d i s t r i b u t i o n  i s  more 
peaked t h a n  i n  t h e  e x p o n e n t i a l  d i s t r i b u t i o n  because  
of t h e  g r e a t e r  i n f l u e n c e  of l a r g e r  p a r t i c l e s ;  

3. D i f f r a c t i o n  i n  bo th  models i s  ex t remely  peaked abou t  
e = O  and i s  unimportant  f o r  e 2 l o o ,  hence 

4. The two models a r e  e q u a l  f o r  e > l o o ,  and f i n a l l y  

5.  R e f l e c t i o n  i s  i n s i g n i f i c a n t  compared t o  t h e  o t h e r  
e f f e c t s .  

R e f r a c t i o n  i s  t h e  major s c a t t e r  g e n e r a t o r  o v e r  most 
of t h e  a n g u l a r  range  of i n t e r e s t .  T h e r e f o r e ,  i t  can be expec ted  
t h a t  t h e  index  of r e f r a c t i o n  w i l l  b e  t h e  c r i t i c a l  parameter and 
t h a t  n e i t h e r  the  e x a c t  mean s i z e  n o r  the  e x a c t  s i z e  d i s t r i b u t i o n  
w i l l  be of g r e a t  impor tance .  

3 . 3 . 3  F i t t i n g  of t h e  S c a t t e r i n g  Model t o  t h e  MSC Data 

S i n c e  t h e  MSC r e s u l t s  (Reference  15), though most ly  
q u a l i t a t i v e ,  are t h e  only  e x p e r i m e n t a l l y  d e r i v e d  i n f o r m a t i o n  
a v a i l a b l e  o f  LM window s c a t t e r ,  an a t t e m p t  was made t o  f i t  t h e  
model t o  the e x p e r i m e n t a l  d a t a  t o  d e r i v e  bench mark v a l u e s  of  
0, nS, and dmean. The f o l l o w i n g  c a s e s  were tes ted :  

1. Uniform d i s t r i b u t i o n  (P=O) b o t h  w i t h  and w i t h o u t  
the  l i q u i d  f i l m  

a. T ranspa ren t  p a r t i c l e s  
b .  Opaque p a r t i c l e s  ( R = O )  

2 .  Negat ive  e x p o n e n t i a l  d i s t r i b u t i o n  

a. T ranspa ren t  p a r t i c l e s  
b .  L a r g e - p a r t i c l e  bias  (P=O) 
c .  Opaque p a r t i c l e s  (.P=O, R=O) 

I n  g e n e r a l  l a  and 2a f i t  the  data b e s t ,  no s i g n i f i c a n t  improve- 
ment b e i n g  a p p a r e n t  i n  t h e  n e g a t i v e  e x p o n e n t i a l  d i s t r i b u t i o n  
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o v e r  t h e  un i fo rm d i s t r i b u t i o n .  The n e g a t i v e  e x p o n e n t i a l  d i s t r i -  
b u t i o n  d i d  show s l i g h t l y  more s e n s i t i v i t y  t o  changes i n  p a r t i c l e  
s i z e  b u t ,  o v e r a l l ,  t h e  f i t  was e q u a l l y  good f o r  any mean diameter 

from 3 t o  1 0 0  microns .  Th i s  i s  t o  b e  e x p e c t e d ,  s i n c e  on ly  dme  a n  
a n g l e s  g r e a t e r  t h a n  20° ,  where d i f f r a c t i o n  and s i z e  e f f e c t s  a re  
un impor t an t ,  were covered  i n  the  MSC data. 

The p r e s e n c e  or absence  of t he  l i q u i d  f i l m  was found 
t o  have l i t t l e  e f f e c t  on the  r e s u l t s ,  t h e  v a l u e  o f  ns which 
r e s u l t e d  i n  t h e  b e s t  f i t  on ly  v a r y i n g  by abou t  .05 when t h e  
f i l m  e f f e c t s  were s u p r e s s e d .  
which b e s t  f i t  t h e  data d i d  vary c o n s i s t e n t l y  w i t h  t h e  c o a t i n g  
used on the e x p e r i m e n t a l  window sample,  perhaps  i n d i c a t i n g  some 
r e s i d u e / c o a t i n g  i n t e r a c t i o n ;  b u t  v a r i a t i o n s  w i t h  changes i n  
l i g h t  s o u r c e  o r i e n t a t i o n ,  which shou ld  be z e r o  and i m p l y  an 
i m p e r f e c t  model f i t ,  mask t h i s  t o  some e x t e n t .  The b e s t  f i t  
n f o r  t h e  WBHM c o a t i n g  used on the  o u t e r  window i s  about  1 . 5  
b u t  v a l u e s  go as h i g h  as 1.62 depending on t h e  data s u b s e t  
u sed .  The i n d e x  f o r  t he  HEA c o a t i n g  i s  somewhat h i g h e r ,  1 .56 .  
Both v a l u e s  of ns agree w e l l  w i t h  t h e  v a l u e s  r e p o r t e d  f o r  hydra-  

z i n e  n i t r a t e ,  1 .45 t o  1 .62 .  The bes t  v a l u e  of u l i e s  between 
.002  and .005, which i n d i c a t e s  ve ry  low s c a t t e r ,  much below 
the  v a l u e  assumed i n  e a r l i e r  work on g la re ,  uA = .1 o r  u = .05 .  

However, t h e  v a l u e  of  nS and u 

S 

These r e s u l t s  prompted the  f o l l o w i n g  s e l e c t i o n  of  
= 2 . 7 P  - v a r i a b l e  r anges :  nS = 1 . 5  - 1.6 ,  u = .005 - 

6 6 . 4 ~  ( i . e . ,  q = .025 - .OOl), and the  use  of  t h e  n e g a t i v e  ex- 
p o n e n t i a l  d i s t r i b u t i o n  i n  t n e  l u n a r  c o n t r a s t  s t u d y .  

*1, dmean 

To show the  s p r e a d  i n  s c a t t e r  g lare  produced by  t h i s  
sp read  i n  mean p a r t i c l e  s i z e  and index  of  r e f r a c t i o n ,  t h e  v e i l i n g  
luminance BVS f o r  t h e  f o u r  combinat ions of  dmean and nS u s i n g  
t h e  n e g a t i v e  e x p o n e n t i a l  d i s t r i b u t i o n  and f o r  one combina t ion  
u s i n g  the  uni form d i s t r i b u t i o n  i s  p l o t t e d  i n  F i g u r e  10. The 
c u r v e s  are computed f o r  b o t h  the lower and uppe r  bounds on 0 ,  

0.005 and 0.1. The s c a t t e r  luminance f o r  any o t h e r  v a l u e  can 
e a s i l y  b e  es t imated from t h e s e  cu rves  as u i s  a s t r i c t l y  mul- 
t i p l i c a t i v e  f a c t o r  i n  t he  s c a t t e r i n g  l a w .  

The o t h e r  l i n e s  i n d i c a t e d  i n  t h e  f i g u r e  i n c l u d e  t h e  
s u r f a c e  b r i g h t n e s s  cu rve  BB, the  mean d a z z l e  luminance cu rve  
BVD from F i g u r e  6 and the  LM window s c a t t e r  cu rve  g i v e n  i n  Ref- 
e r e n c e  4 2 .  The l i g h t i n g  c o n d i t i o n s  are  t h o s e  o f  h i g a t e  a t  0' 
az imuth  as i n  F igu re  6 .  
are the  p e r c e n t a g e  d e v i a t i o n ,  ABvs/BVS, o f  the  models from the  

mean v a l u e ;  t h e y  w i l l  b e  t aken  as a measure of  t he  e r r o r  i n  t h e  
s c a t t e r  model i n  t h e  e s t i m a t i o n  of e r r o r  i n  S e c t i o n  4 . 2 .  

The - + E S  v a l u e s  d i s p l a y e d  i n  t h e  a b s c i s s a  
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I n  F i g u r e  1 0 ,  t h e  m o s t . s t r i k i n g  p r o p e r t y  o f  t h e  
s c a t t e r  luminance cu rves  is  t h e i r  v e r y  r a p i d  d e c l i n e  w i t h  
i n c r e a s i n g  a n g u l a r  d i s t a n c e  from the  sun  ( d e c r e a s i n g  sun  a n g l e ) ,  
a c h a r a c t e r i s t i c  o f  l a r g e r  p a r t i c l e s .  Another d i s t i n c t i v e  fea- 
t u r e  i s  the  r e a s o n a b l y  small s p r e a d  between the  models d e s p i t e  
t h e  wide r ange  i n  the  pa rame te r s .  This i s  due t o  t h e  f a c t  t h a t  
even a t  a sun  a n g l e  of 170° t h e  l i n e  o f  s i g h t  i s  s t i l l  as much 
as 25O o f f  t h e  s u n l i n e ,  a r e g i o n  where model d i f f e r e n c e s  a r e  
small. 

The n e x t  f i g u r e ,  F igu re  11, which i s  s imilar  t o  Fig-  
u r e  7 for d a z z l e ,  shows t h e  cu t -of f  a n g l e s  f o r  the s c a t t e r  
model due t o  b l o c k i n g  of  s u n l i g h t  from t h e  ASA by  t h e  LM s t r u c -  
t u r e .  Cut o f f  a n g l e s  are  c a l c u l a t e d  f o r  a look  a n g l e  o f  15' 
b u t  a v a r i a t i o n  i n  look  ang le  o f  t 5 O  would produce no n o t i c e a b l e  
change. No d i s c o n t i n u i t i e s  due t o b l o c k i n g  are v i s i b l e  i n  Fig- 
u r e  10  because  s c a t t e r  i s  a l r e a d y  low a t  the  c u t - o f f  p o i n t s .  

3.3.4 Sca t t e r  of L igh t  R e f l e c t e d  from t h e  Lunar S u r f a c e  

The s o l a r  i l l u m i n a t i o n  t a c i t l y  assumed i n  t h e  develop-  
ment o f  the  sca t te r  model i s  n o t  t h e  on ly  s o u r c e  of  l i g h t  on 
t h e  s c a t t e r i n g  f i l m .  Even though the  l u n a r  a lbedo  i s  on ly  abou t  
7%, an a p p r e c i a b l e  amount o f  l i g h t  i s  r e f l e c t e d  o n t o  t h e  LM 
window by the  s u r f a c e ,  e s p e c i a l l y  a t  low a l t i t u d e s .  T h i s  l i g h t  
s c a t t e r e d  by the r e s i d u e  on the window had been though t  t o  b e  a n  
a d d i t i o n a l  p o t e n t i a l  s o u r c e  o f  g lare .  However, as t h e  f o l l o w i n g  
a n a l y s i s  shows, i t s  c o n t r i b u t i o n  t o  the  v e i l i n g  luminance i s  
n e g l i g i b l e  i n  a l l  c a s e s  and has  been exc luded  from the g l a r e  
mode 1. 

The i l l u m i n a t i o n  on the window, dE,  due t o  an  element  
of t h e  s u r f a c e  i s  b y  d e f i n i t i o n  

dE = B C O S  y dw (22 1 

where B i s  t h e  luminance of  t h e  s u r f a c e  e lement  o f  s o l i d  a n g l e  
dw and y i s  t h e  a n g l e  between t h e  window normal  and the  v e c t o r  
t o  t he  s u r f a c e  e lement .  S u b s t i t u t i n g  from Equa t ion  i s ) ,  t h i s  
can be  w r i t t e n  

where Eo i s  the  s o l a r  i l l u m i n a t i o n ,  p o  t he  l u n a r  a l b e d o  and GI 

t h e  p h o t o m e t r i c  f u n c t i o n .  The t o t a l  i l l u m i n a t i o n  on t h e  A S A  
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i s  t h e n  found b y  i n t e g r a t i n g  ove r  t h e  l u n a r  s u r f a c e  n o t  b locked  
by t h e  LM s t r u c t u r e .  A s  shown i n  F i g u r e  1 2 ,  the  maximum l u n a r  
i l l u m i n a t i o n  a t  low g a t e  c a l c u l a t e d  i n  t h i s  f a s h i o n  i s  about  
120 f t - c d  or 1% of  t h e  s o l a r  i l l u m i n a t i o n .  The s c a t t e r  t h i s  
l e v e l  o f  i l l u m i n a t i o n  produces i s  ve ry  low and can b e  c a l c u l a t e d  
be r e p l a c i n g  Eo by dE i n  Equat ion  (21), modi f i ed  f o r  f i l m  e f f e c t s ,  
and i n t e g r a t i n g  as b e f o r e ;  i t  i s  n e v e r  more t h a n  about  1 c d / f t  . 
4.0  THE GLARE MODEL 

4 . 1  C h a r a c t e r i s t i c s  

2 

The c h a r a c t e r i s t i c s  o f  the complete  g l a r e  model a r e  
shown i n  F i g u r e s  13 t h rough  20. F i g u r e s  13 and 1 4  d e p i c t  t h e  
r e l a t i v e  and t r u e  scene  c o n t r a s t s  w i t h  g l a r e  a t  h i g a t e  ( O o  
az imuth)  as a f u n c t i o n  of  sun a n g l e  and sun  e l e v a t i o n .  Botn 
t h e  c o n t r a s t  w i t h  d a z z l e  and s c a t t e r  (CR, C G )  and t h e  c o n t r a s t  
w i t h  s c a t t e r  a l o n e  (CRs, C s )  are p l o t t e d  f o r  h igh  and low s c a t -  
t e r i n g  l e v e l s .  I n  F i g u r e  1 4  t h e  c o n t r a s t  w i thou t  g l a r e  i s  p l o t -  
t ed  as w e l l ,  f o r  r e f e r e n c e .  me shaded band about  t h e  CR and CG 

l i n e s  i n d i c a t e s  t h e  estimated u n c e r t a i n t i e s  i n  t h e  r e l a t i v e  and 
t r u e  c o n t r a s t  ( c a l c u l a t e d  i n  S e c t i o n  4 . 2 ) ,  while the d i s c o n t i n u i t y  
a t  abou t  1 1 8 O  i s  due t o  the d a z z l e  c u t - o f f .  
s o u r c e  of  g l a r e  a t  h ighe r  sun e l e v a t i o n s  and lower sun a n g l e s . "  
The remain ing  l i n e  i n  t h e  f i g u r e s  i s  c a l c u l a t e d  from t h e  g l a r e  
data o f  Reference 42 and i s  d i s c u s s e d  i n  S e c t i o n  5 .0 .  

S c a t t e r  i s  the only  

The two f i g u r e s  d i s p l a y  i n  a c l e a r e r  manner t h e  g l a r e  
c h a r a c t e r i s t i c s  shown i n  F igu re  1 0 .  E s p e c i a l l y  c l e a r  i s  t h e  
great i n f l u e n c e  of  d a z z l e  on c o n t r a s t ,  even where u i s  as h igh  
as 0 .1 .  I n  F i g u r e 1 3  i t  can be seen  t h a t  when t h e  siin i s  b locked  
from t h e  eye  ( t h e  CRs c u r v e s )  t h e  c o n t r a s t  i s  reduced b y  50% 
and the  maximum v i s u a l  range  ( S e c t i o n  3 . 1 )  b y  30% a t  about  2 2 O  
forward  sun e l e v a t i o n  f o r  u = .005 and a t  about  44" f o r  u = .l. 
When d a z z l e  i s  added, t h e  half  c o n t r a s t  p o i n t s  a r e  reached  a t  
much h i g h e r  s u n  e l e v a t i o n s :  4 8 O  and 55" f o r  u = .005 and u = .l, 
r e s p e c t i v e l y ,  and there  i s  much l e s s  d i f f e r e n c e  between h igh  and 
low s c a t t e r  l e v e l  c o n t r a s t s .  

If d a z z l e  i s  excluded from the  e y e ,  the scene  c o n t r a s t ,  
shown i n  F i g u r e  1 4 ,  i s  compara t ive ly  h i g h ,  e s p e c i a l l y  f o r  u as 
low as .005, where t h e  c o n t r a s t  i s  greater  t h a n  0 . 2  a t  25' forward  
sun  e l e v a t i o n .  Reference 31 s u g g e s t s  t h a t  t h e  v i s i b i l i t y  of  l u n a r  

*In these, and a l l  succeeding  f i g u r e s  s c a t t e r  i s  c a l c u l a t e d  
as t h e  average  of t he  w and z models. 
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s u r f a c e  o b s t a c l e s  ( s u c h  as a 0.5O c r a t e r )  w i l l  be  s u f f i c i e n t l y  
good t o  p e r m i t  a l a n d i n g  when the s l o p e  c o n t r a s t  i s  as low as 
0 . 0 3 .  I n  t h e  same p a p e r ,  it i s  c a l c u l a t e d  tha t  the  minimum 
a c c e p t a b l e  c o n t r a s t  f o r  a l u n a r  l a n d i n g ,  u s i n g  t h e  more conse r -  
v a t i v e  assumpt ions  o f  Reference 43, i s  about  0 .07 .  The h i g h e r  
f i g u r e  w i l l  be  adopted ,  somewhat a r b i t r a r i l y ,  as t h e  v i s i b i l i t y  
c r i t e r i o n  i n  t h i s  paper ,  even  f o r  0 . 5 O  c r a t e r s .  This conse r -  
v a t i v e  measure i s  employed i n  o r d e r  t o  a l low t o  some e x t e n t  
f o r  f a c t o r s ,  such  as s u r f a c e  g r a n u l a r i t y ,  u n c e r t a i n t y  i n  ob- 
s t a c l e  l o c a t i o n ,  and p s y c h o l o g i c a l  p r e s s u r e s ,  which w i l l  t e n d  
t o  lower  o b s t a c l e  v i s i b i l i t y  b u t  whose e f f e c t  i s  n o t  e n t i r e l y  
known. 

Even w i t h  t h e  h i g h  v i s i b i l i t y  t h r e s h o l d ,  i t  can  be  
s e e n  t h a t  scene  c o n t r a s t  w i thou t  d a z z l e  (C, )  i s  0 . 0 7  or above 
f o r  a l l  forward s u n  e l e v a t i o n s  between 20' and 60q a 40' band,  
f o r  u l e s s  t h a n  .017,and a lmost  as h igh  f o r  e l e v a t i o n s  as 
much as 80° above the  h o r i z o n .  That i s ,  c o n t r a s t  i s  a c c e p t a b l e  
o v e r  t h e  r ange  of  sun  e l e v a t i o n  of  maximum i n t e r e s t .  I f  t h e  
lower  v i s i b i l i t y  t h r e s h o l d  i s  used as t h e  c r i t e r i o n ,  t h e  con- 
t r a s t  i s  adequate  even when t h e  s u n  i s  on ly  10' above the  h o r i -  
zon and less t h a n  25' from t h e  l i n e  of  s i g h t .  The c o n t r a s t  f o r  
lower  s c a t t e r i n g  l e v e l s ,  such  as u = .005, i s  above 0 . 1 8 ,  even 
a t  20°  forward  sun  e l e v a t i o n .  This i s  comparable t o  t h a t  s e e n  
i n  a Sun Behind l a n d i n g  when the  sun  i s  2 O  or 3' below t h e  l i n e  
of  s i g h t .  O r b i t e r  photographs  o f  t h e  wash-out area, such  as i n  
Refe rence  30 show t h a t  a 0.5' -lo c ra t e r  i s  p l a i n l y  v i s i b l e  
unde r  such  c o n d i t i o n s .  

I f  d i r e c t  s u n l i g h t  s t r ikes  t h e  eye ,  c o n t r a s t  w i t h  
d a z z l e  (C,) worsens dramat ica l ly .  Scene c o n t r a s t  degraded b y  

b o t h  s c a t t e r  and d a z z l e  i s  less  t h a n  0.07 even f o r  u = . O O 5 ,  
e x c e p t  f o r  a s m a l l  band o f  SUR e l e v a t i o n s  between 40' and 48' 
above t h e  forward  h o r i z o n .  C o n t r a s t  l e v e l s  are  above 0 . 0 3 ,  
however,  f o r  any sun  e l e v a t i o n  above 16' ( f o r  c = . 0 0 5 )  or 
37' ( f o r  u = .I). 

S i n c e  F i g u r e  1 4  i s  c a l c u l a t e d  f o r  a s t a t i c  v iewing  at r"igui<e 1 5  is iiiclii;ed to 1-1- b r l e  con t i ?as t  
d u r i n g  t h e  e n t i r e  2 .5  minute  v i s i b i l i t y  phase from h iga te  u n t i l  
t h e  l a n d i n g  s i t e  s l i des  below the  lower  window r i m  1 0  seconds  
b e f o r e  t h e  hove r  p o i n t .  C o n t r a s t  w i t h o u t  g l a r e ,  w i t h  s c a t t e r  
a l o n e ,  and w i t h  b o t h  s c a t t e r  and d a z z l e  i s  p l o t t e d  f o r  s u n  e l e -  
v a t i o n s  o f  20' and 40°. 

The t r a j e c t o r y  used  i s  t h a t  of  Reference  2 6 .  A s  i s  
t o  be e x p e c t e d  because  o f  the  n e a r l y  c o n s t a n t  f l i g h t  p a t h  a n g l e ,  
C o n t r a s t  a t  a l l  forward sun  e l e v a t i o n s  remains e s s e n t i a l l y  a t  
one l e v e l  from h i g a t e  t o  l o g a t e .  This i s  s h a r p l y  d i s t i n c t  from 
t h e  c a s e  o f  t h o s e  S B  l a n d i n g s  i n  which t h e  sun  i s  between 14' 
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and 20" from t h e  h o r i z o n  where the  c o n t r a s t  w i l l  d i p  t o  z e r o  as 
t h e  l i n e  o f  s i g h t  c r o s s e s  t h e  s u n  l i n e  and a dog leg  i s  n e c e s s a r y  
t o  improve v i s i b i l i t y .  There t h e  band of a c c e p t a b l e  sun  a n g l e s  
w i t h  c o n s t a n t  c o n t r a s t  i s  only  abou t  8 O  (6" t o  1 4 " ) ;  h e r e  i t  
may be  as much as 40" or more. Depending on t h e  v a l u e  o f  0 ,  

t h e  l aunch  window i s  p o t e n t i a l l y  much w i d e r  f o r  a SA l a n d i n g  
t h a n  a SB l a n d i n g .  

F i g u r e s  1 6  and 17a  and 17b are i n c l u d e d  t o  d e p i c t  
t h e  e f f e c t  of azimuth on g l a r e  c o n t r a s t .  F i g u r e  1 6  p o r t r a y s  
t he  g la re  c o n t r a s t  as a f u n c t i o n  of azimuth a t  h iga te  f o r  s u n  
e l e v a t i o n s  o f  7O, 20°, 45", and 60". The n o t c h  i n  t h e  c u r v e s  
n e a r  180" azimuth due t o  s c a t t e r  and d a z z l e  i s  q u i t e  a p p r e c i a b l e ,  
e s p e c i a l l y  f o r  lower  sun a n g l e s .  (The dashed p o r t i o n  of  t he  
c u r v e s  i n d i c a t e s  what the  c o n t r a s t  would b e  w i t h o u t  g l a r e . )  
T h i s  f i g u r e  i l l u s t r a t e s  ve ry  c l e a r l y  how des i rab le  an zzirnuth 
20° t o  30" t o  t h e  l e f t  i s  i n  order  t o  improve v i s i b i l i t y  when 
t h e  sun  e l e v a t i o n  i s  45O or l e s s .  

The same i n f o r m a t i o n  i s  d i s p l a y e d  more e x t e n s i v e l y  i n  
t h e  "3-D" p r o j e c t i o n s ,  F i g u r e s  17a  and 1 7 b .  Here c o n t r a s t  w i t h  
s c a t t e r  and d a z z l e  ( t h e  z -ax i s )  i s  p l o t t e d  o v e r  the whole r ange  
of  s u n  a n g l e  and azimuth f o r  low s c a t t e r  l e v e l s  i n  17a  and h igh  
s c a t t e r  l e v e l s  i n  17b. Sun ang le  (or e l e v a t i o n )  i s  measured 
r a d i a l l y  from 90" a t  t h e  o r i g i n  t o  O o  a t  t h e  edge of  t h e  f i g u r e  
and azimuth i s  measured c lockwise  abou t  the f i g u r e  from O o  t o  
3 6 0 ~ .  The p r o j e c t i o n s  were made t o  show the  g l a r e - a f f e c t e d  r e g i o n  
most c l e a r l y ,  a l t h o u g h  some of t h e  c o n t r a s t  cu rves  a re  n e c e s s a r i l y  
f o r e s h o r t e n e d .  F t g u r e  17b d i f f e r s  from 17a i n  t h a t  on ly  t h e  g la re  
r e g i o n  i s  shown; t h e  c o n t r a s t  c o n t o u r s  n o t  p l o t t e d  would be  iden -  
t i c a l  t o  t h o s e  i n  17a .  The m o s t  n o t a b l e  f e a t u r e s  i n  b o t h  f i g u r e s  
are t h e  sudden jumps i n  c o n t r a s t  a t  t h e  c u t - o f f  a n g l e s  where t h e  
LM s t r u c t u r e  blocks.  t h e  s u n l i g h t  f rom the  e y e  and window. Also 
prominent  i n  t h e  g l a re  r e g i o n  i s  the  l o c a l  c o n t r a s t  maximum a t  
a s u n  e l e v a t i o n  of  about  40° which g r a d u a l l y  s i n k s  down and 
v a n i s h e s  as t h e  azimuth moves from 180" toward 270O. 

Completing t h e  s e t  o f  g r a p h s ,  F i g u r e s  1 8 ,  1 9 ,  and 20 
are p l o t s  o f  t h e  r e l a t i v e  c o n t r a s t s  CRD and CRs as a f u n c t i o n  
of sun  e l eva t i z ln  f o r  var ious  az imuths .  F i g u r e  i8 f o r  C assumes 
a look  a n g l e  of  15" b u t  t h e  v a r i a t i o n  caused  by a +5O change i n  
look  a n g l e  i s  n e g l i g i b l e ,  excep t  i n  t h e  l o c a t i o n  oT t h e  c u t - o f f  
a n g l e s  where t h e  r e l a t i v e  c o n t r a s t  jumps t o  1 . 0 .  S i m i l a r l y ,  
F i g u r e  19 for CRs a t  low s c a t t e r  l e v e l s  and F igure  20 for CRs 

a t  h igh  s c a t t e r  l e v e l s  b o t h  assume a look  a n g l e  of 15' and p i t c h  
a n g l e  o f  40°,  b u t  t h e  v a r i a t i o n  caused  by +5O change i n  e i t h e r  
look  a n g l e  or p i t c h  i s  g e n e r a l l y  less  than-lO%. These th ree  
f i g u r e s  may b e  used t o  c a l c u l a t e  CR w i t h  the  a id  o f  t he  nomograph 
i n  F i g u r e  4 .  

RD 
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4 .2  E r r o r s  

The e f f e c t  of t h e  u n c e r t a i n t y  i n  s c a t t e r  and d a z z l e  
luminances on t h e  e r r o r  i n  r e l a t i v e  c o n t r a s t  can be estimated 
b y  d i f f e r e n t i a t i n g  Equa t ion  ( 3 )  and d i v i d i n g  by C R  

BV ABB t -  - - llBVS ABVD 5 -_- - - 
cR BA BA BA BB 

where BV i s  t h e  g l a r e  luminance, BV - - BVD + BVS, and BA i s  t h e  
a d a p t a t i o n  luminance d e f i n e d  p r e v i o u s l y .  

I f  t he  d e f i n i t i o n s  

- ABvs/Bvs - 55 

are made, Equa t ion  ( 2 4 )  may b e  r e w r i t t e n  for the RMS e r r o r  as 

€ R  =d( BVS ‘s)‘ (q BVD ‘D)’ + (  2 ‘B)‘ 

The RMS e r r o r  r e s u l t i n g  from t h e  f i rs t  two terms under  t h e  r ad i -  
c a l  was c a l c u l a t e d  f o r  s e v e r a l  p o i n t s  and found t o  be  a f a i r l y  
c o n s t a n t  25%. The data p o i n t  s c a t t e r  i n  the  F e d o r e t s  p h o t o m e t r i c  
c u r v e s  can be estimated from Reference  41 a t  approx ima te ly  2 5 %  
abou t  t h e  f i t t e d  c u r v e s .  Neg lec t ing  s y s t e m a t i c  e r r o r s ,  t h i s  i s  
t a k e n  as a f i r s t  approximat ion  t o  t h e  e r r o r  i n  s u r f a c e  b r i g h t -  

n e s s .  S i n c e  BV ,< BA i n  Equat ion  (25 )  the RMS e r r o r  i n  C R  which 
has been c a l c u l a t e d  and p l o t t e d  as the  dashed l i n e s  i n  F i g u r e  13, 
i s  less  t h a n  or e q u a l  t o  35%. I n  F i g u r e  1 4  the  same p e r c e n t a g e  
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e r r o r s  are a p p l i e d  t o  C G ,  i n  t h e ' a b s e n c e  of  b e t t e r  i n f o r m a t i o n ,  
as t h e  minimum estimated e r r o r  i n  the  c o n t r a s t  w i t h  g la re .*  

5 . 0  COMPARISON WITH PREVIOUS STUDIES 

There have been few p r e v i o u s  s t u d i e s  which are a p p l i -  
c a b l e  t o  t h e  problem o f  the  e f f e c t s  of d a z z l e  and/or  s c a t t e r  
g l a r e  on Apollo a s t r o n a u t  v i s i o n ,  and most o f  these are more 
concerned w i t h  s t a r  d e t e c t i o n  i n  space r a the r  t h a n  l u n a r  s u r -  
f a c e  v i s i b i l i t y .  Three o f  t h e  s t u d i e s  dea l  p r i m a r i l y  w i t h  
t h e  d e g r a d a t i o n  i n  a s t ronomica l  s e e i n g  a r i s i n g  from s c a t t e r  
i n  t h e  "debr i s  cometff t h a t  forms abou t  a manned s p a c e c r a f t  due 
t o  RCS f i r i n g s ,  water dumping, and ou t -gass ing .  They  a re  o f  
i n t e r e s t  here  p r i n c i p a l l y  because of t h e  s c a t t e r  model adop ted .  

assume t h a t  t h e  deb r i s  c loud  s c a t t e r s  i s o t r o p i c a l l y  and show 
t h a t  t h e  s u r f a c e  b r i g h t n e s s  of  t h e  c loud  i s  p r o p o r t i o n a l  t o  
t h e  p a r t i c l e  mass e j e c t i o n  r a t e  and i s  independent  of t h e  s i z e  
o f  t h e  p a r t i c l e s .  They a l s o  mention s c a t t e r  g l a r e  b r i e f l y ,  
s t a t i n g  t h a t  a window s u r f a c e  b r i g h t n e s s  one t e n - m i l l i o n t h  t h a t  
of  t h e  s u n  would r e s u l t  from a s c a t t e r i n g  of  one p e r c e n t  of  
t he  i n c i d e n t  l i g h t .  T h i s  va lue  i s  h i g h e r  t h a n  t h a t  de te rmined  
i n  t h e  p r e s e n t  s t u d y  f o r  t h e  co r re spond ing  u = .005 excep t  where 
t h e  l i n e  of  s i g h t  i s  w i t h i n  about  2 5 O  o f  t h e  sun .  

Ney and Huch, i n  t h e  e a r l i e s t  p a p e r  (Refe rence  3 7 ) ,  

Ney and Huch's work has been ex tended  and e l a b o r a t e d  
b y  Newkirk (Refe rence  3 6 ) .  The s c a t t e r  model employed i n  h i s  
s t u d y  i n c l u d e s  t h e  use  of  A i r y  d i f f r a c t i o n  f o r  large i n d i v i d u a l  
p a r t i c l e s  and Mie s c a t t e r i n g  f o r  t h e  p a r t i c l e  d i s t r i b u t i o n ,  
which i s  assumed t o  have a power-law form. The model underes-  
timates t h e  r e d u c t i o n  i n  s t a r  v i s i b i l i t y  n o t e d  i n  t h e  Gemini 
program, and some d i s c u s s i o n  o f  o t h e r  p o s s i b l e  g l a re  s o u r c e s  
which might  account  for t h e  d i sc repancy  i s  i n c l u d e d .  

The B a l l  B r o t h e r s  Research Corpora t ion  s t u d y  of t h e  
p o s s i b l e  s o u r c e s  o f  o p t i c a l  con tamina t ion  of  t h e  proposed  Apol lo  
Te le scope  Mount (ATM) i s  a l s o  based on t h e  work of  Ney and Huch 
and u s e s  t h e i r  i s o t r o p i c  s c a t t e r i n g  model t o  de t e rmine  t h e  
luminance of  t he  c loud  about  t h e  ATM (Refe rence  1 6 ) .  The num- 
b e r ,  s i z e ,  d i s t r i b u t i o n ,  and l i f e t ime  of  t h e  c loud  p a r t i c l e s  

*Some p r e l i m i n a r y  Surveyor  data i s  said t o  f i t  t h e  JPL 
Lunar  R e f l e c t i v i t y  Model (LRM) (.a l a t e r  v e r s i o n  of t h e  photo-  
m e t r i c  f u n c t i o n )  t o  w i t h i n  +20% (Reference  3 8 ) .  The F e d o r e t s  
f u n c t i o n  ra ther  t h a n  the  LRfl was used i n  t h i s  s t u d y  
i n  o r d e r  t o  b e  compat ib le  w i t h  Reference  27 .  I n  any c a s e ,  t h e  
s l o p e  of the f i t t e d  f u n c t i o n ,  which i s  e s s e n t i a l  t o  t h e  con- 
t r a s t  c a l c u l a t i o n ,  i s  s t i l l  u n c e r t a i n .  
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. g e n e r a t e d  b y  the  ATM c o n f i g u r a t i o n  are e v a l u a t e d  from a theo-  
r e t i c a l  basis .  It i s  concluded t h a t  s c a t t e r / a b s o r b t i o n  on t h e  
m o l e c u l a r  l e v e l  i s  n e g l e g i b l e  and t h a t  t h e  ma jo r  th rea t  t o  
good s e e i n g  comes from s c a t t e r  from larger p a r t i c l e s  dumped 
b y  t h e  CSM Water Management S u b s y s t e m .  Ou tgass ing / sub l ima t ion  
and subsequen t  condensa t ion  t o  t he  o p t i c a l  s u r f a c e s  i s  s ta ted  
t o  be more s e r i o u s  t h a n  RCS plume c o n t a m i n a t i o n  s i n c e ,  because  
o f  t h e i r  low m o l e c u l a r  weight and h i g h  vapor  p r e s s u r e ,  t h e  RCS 
e x h a u s t  gases w i l l  e v a p o r a t e  o f f  s u r f a c e s  ra ther  r a p i d l y .  
( D i r e c t  plume impingement i s  n o t  a f a c t o r  he re . )  Based on these  
c o n c l u s i o n s ,  the  r e p o r t  makes s e v e r a l  recommendations f o r  r e d u c i n g  
c o n t a m i n a t i o n ,  s e v e r a l  o f  which, such  as v o l a t i l e  mater ia l  p o s t -  
c u r i n g  and t h e  p r o v i s i o n  of covers  f o r  t he  o p t i c s ,  are a p p l i c a b l e  
t o  the  LM problem as w e l l .  

A f o u r t h  s t u d y ,  a summary by E. E. i uedke  (Reference 
3 2 )  on t h e  d e g r a d a t i o n  of Apollo o p t i c a l  and thermal c o n t r o l  
c o a t i n g s  c o n t a i n s  a complete  d i s c u s s i o n  of  t he  s o u r c e s  of  CM 
s u r f a c e  con tamina t ion ,  t he  major contaminant  i n  t h i s  ca se  b e i n g  
t h e  Tower J e t t i s o n  Motor plume. Some d i s c u s s i o n  o f  t h e  window 
c o n t a i m i n a t i o n  e x p e r i e n c e d  i n  the  Gemini, Pegasus ,  and Apollo 
f l i g h t  t e s t  programs i s  a l s o  p r e s e n t e d .  Of grea tes t  i n t e r e s t  
t o  t he  p r e s e n t  s t u d y  i s  t h e  r e p o r t  o f  t h e  SM-RCS con tamina t ion  
expe r imen t s  conducted by  Ast rosys tems I n t e r n a t i o n a l .  These 
expe r imen t s  showed t h a t  t h e  m o s t  s e r i o u s  d e g r a d a t i o n  occur s  
f o r  normal  plume impingement and that  t h e  d e g r e e  of  d e g r a d a t i o n  
v a r i e s  i n v e r s e l y  w i t h  d i s t a n c e  from the  n o z z l e  e x i t  p l a n e  and 
i n v e r s e l y  w i t h  a n g u l a r  d i s t a n c e  from t h e  n o z z l e  c e n t e r  l i n e ,  
t h u s  c o n f i r m i n g  t h e  r e l a t i v e  unimportance o f  the  SM-RCS con- 
t a m i n a t i o n  of  t he  LM windows. 

A more g e n e r a l i z e d  s tudy  t h a n  the  p r e v i o u s  ones ,  a 
r e p o r t  on Apollo window d e g r a d a t i o n  by W .  D. Mi l l e r  (Reference  
341,  i s  a s y s t e m a t i c  d i s c u s s i o n  of s c a t t e r / r e f l e c t i o n  glare  
due t o  a v a r i e t y  of  s o u r c e s  and i t s  e f f e c t  on a s t r o n a u t  v i s i o n .  
A s e t  of  nomographs i s  i n c l u d e d  t o  a l l o w  c a l c u l a t i o n  of  degraded 
c o n t r a s t s  and r a n g e s  once t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  and 
t r a n s m i t t a n c e  of t he  s p a c e c r a f t  window i s  de te rmined .  S e v e r a l  
examples of t h e  a p p l i c a t i o n  of t h e  g raphs  t o  t y p i c a l  space  
v i s i o n  problems are alsc! given .  

The on ly  p r e v i o u s  work  on the  LM glare  problem i t s e l f  
was car r ied  o u t  i n  t h e  Hughes A i r c r a f t  Company s t u d y  o f  optimum 
l u n a r  l i g h t i n g  and was documented i n  t h e  f i n a l  s t u d y  r e p o r t  
( R e f e r e n c e  2 9 )  and i n  a l u n a r  s u r f a c e  v i s i b i l i t y  rev iew paper  
b y  K.  Ziedman (Refe rence  4 2 ) .  The cu rves  (mod i f i ed  f o r  d i f f e r e n t  , 

t r a n s m i s s i o n  v a l u e s )  which were referred t o  e a r l i e r  i n  F i g u r e s  
6 ,  1 0 ,  13 ,  and 1 4  are t a k e n  o r  d e r i v e d  from the Ziedman rev iew.  
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. 

I 

The d a z z l e  formula  employed i n  the Hughes/Ziedman 
work was t h e  Holladay (1927)  e q u a t i o n  as r e v i s e d  b y  Fry ( R e f -  
e r e n c e  1) i n  1954 ( a l t h o u g h  the magnitude of k f o r  t h e  d a z z l e  
curve,  r ep roduced  i n  F i g u r e  6, seems smaller t h a n  t h e  p u b l i s h e d  
v a l u e ) .  The s c a t t e r  model was n o t  d i s c u s s e d  i n  t h e  o r i g i n a l  
r e p o r t s  b u t  the  s c a t t e r  cu rve , r ep roduced  i n  F i g u r e  8 , i s  d e r i v e d  
from the e q u a t i o n  

E cos  tHW ' 0  o Y 

where BVS i s  i n  f o o t - l a m b e r t s  and Eo i s  i n  foo t - cand les  ( R e f -  
e r e n c e  4 7 ) .  The a n g l e  y i s  t h e  a n g l e  between t h e  window normal 
and t h e  v e c t o r  t o  t h e  sun .  The combined window/helmet t r a n s -  
m i s s i o n  was t a k e n  t o  be .72  and t h e  s c a t t e r i n g  c o e f f i c i e n t  u0 

was assumed e q u a l  t o  0 . 1 .  This  form f o r  BVS p re supposes  t h a t  
t h e  window contaminant  s c a t t e r s  i s o t r o p i c a l l y ,  Eo cos  y b e i n g  
t h e  s o l a r  i l l u m i n a t i o n  on t h e  window s u r f a c e  a t  a n g l e  y .  

A s  can b e  seen  i n  F igu res  13 and 1 4  t h e  use  of t h e  
Hughes g l a r e  model r a t h e r  t h a n  the  p r e s e n t  s t u d y ' s  model re- 
s u l t s  i n  a g e n e r a l l y  lower  c a l c u l a t e d  c o n t r a s t ,  even i n  t h e  
2Oo-4O0 forward  sun  e l e v a t i o n  r e g i o n  of most i n t e r e s t  f o r  an  
a f t e r n o o n  l a n d i n g .  (It shou ld  be remembered t h a t  t he  u = .1 
w o r s t  c a s e  v a l u e  employed i n  the p r e s e n t  s t u d y  co r re sponds  t o  
u % . 2 ,  tw ice  t h e  " p e s s i m i s t i c ,  a l t hough  r e a l i s t i c "  (Reference  
2 9 )  Hughes v a l u e . )  I f  t h e  window s c a t t e r  were i s o t r o p i c  and i f  
t h e  w o r s t  c a s e  amount of  r e s i d u e  were d e p o s i t e d ,  t h e n  as t h e  
Hughes r e p o r t  s t a t e s ,  c o n t r a s t  l e v e l s  i n  a n  aga ins t - the - sun  
approach  would b e  u n a c c e p t a b l e  f o r  a l l  sun  a n g l e s .  However, 
as shown i n  S e c t i o n  4 . 1 ,  t he  model developed i n  t h i s  s t u d y  i n -  
d i c a t e s  t ha t  l u n a r  s u r f a c e  c o n t r a s t  w i l l  meet the  p u b l i s h e d  
v i s i b i l i t y  c r i t e r i a  o v e r  a w i d e  band of  s u n  a n g l e s ,  e s p e c i a l l y  
f o r  lower v a l u e s  of  CI and i f  d i r e c t  s u n l i g h t  i s  b locked  from 
t h e  eye .  

0 -  

2 0 13  -RT- s r b  R. T r o e s t e r  

Attachments  : 
Appendix A 
Appendix B 
Appendix C 
Appendix D 
B i b l i o g r a p h y  
Tab l e  
F i g u r e s  
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APPENDIX A 

LIST OF PRINCIPAL SYMBOLS 

area of  A S A  A 

ASA Ac t ive  S c a t t e r i n g  Area on Commander's window 

A Z  

B 

azimuth measured clockwise from sun 

luminance ( c d / f t  ) 2 

C 

D 

c o n t r a s t  

d i f f r a c t i o n  term i n  s c a t t e r  law 

i l l u m i n a t i o n  ( f t - c d ) ;  a l s o ,  complete  e l l i p t i c  i n t e g r a l  
of  2nd k i n d  

E 

EO s o l a r  i l l u m i n a t i o n ,  12500 f t - c d  

F r e f l e c t i o n  term i n  s c a t t e r  l a w .  

i n t e n s i t y  ( c d )  o f  s i n g l e  s c a t t e r e r  i 

I t o t a l  i n t e n s i t y  o f  p a r t i c l e  ensemble ( c d )  

f i rs t  o r d e r  Bessel f u n c t i o n  

complete  e l l i p t i c  i n t e g r a l  of  lst k i n d  

look  a n g l e  between l o c a l  h o r i z o n t a l  and LOS, p o s i t i v e  
downward 

K 

LA 

LOS 

N 

P 

PA 

l i n e  of s i g h t  t o  t a r g e t  

number o f  s c a t t e r e r s  i n  ASA 

phase e f f e c t s  t e rm i n  s c a t t e r  l a w  

p i t c h  a n g l e  between l o c a l  v e r t i c a l  and LM X-axis, 
p o s i t i v e  backward 

A 

R 

R 

r ange ;  a l s o ,  r e f r a c t i o n  term i n  s c a t t e r  l a w  

Rayle igh  s c a t t e r i n g  f u n c t i o n  (1 t cos 8 ) /2  2 
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SA 
L 

n 
i 

SB 

a 
- 
a 

d 

k 

n 

P 

A 

9 0  

(J 

(J 
0 

sun  a n g l e  between r e a r .  h o r i z o n  and s u n  l i n e ;  a l s o ,  
Sun Ahead 

Sun Behind 

s c a t t e r e r  c r o s s  s e c t i o n a l  area 

mean s c a t t e r e r  c r o s s  s e c t i o n a l  area 

diameter o f  s c a t t e r e r ,  microns 

modulus o f  complete  e l l i p t i c  i n t e g r a l s ;  a l s o ,  
c o e f f i c i e n t  i n  d a z z l e  l a w  

index  o f  r e f r a c t i o n ;  a l s o ,  exponent  i n  d a z z l e  law 

p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of  p a r t i c l e  s i z e  d i s -  
t r i b u t i o n  

parameter of  n e g a t i v e  e x p o n e n t i a l  d i s t r i b u t i o n  

F r e s n e l ' s  formula  f o r  r e f l e c t i o n  from a s u r f a c e  

t r a n s m i s s i o n  

s i z e  pa rame te r  = md/x 

x s i n e  

phase a n g l e  (be tween LOS and s u n  l i n e )  

a n g l e  between outward window normal  and sun  l i n e  

es t imated e r r o r  

ang le  between d i r e c t i o n  of  n o n - s c a t t e r e d  l i g h t  and 
e y e  = 1800 - ~1 

wavelength ,  microns  

luminance f a c t o r  of l u n a r  s u r f a c e  a t  normal i n c i d e n c e  
and e m i t t a n c e  (normal a l b e d o )  = .O72 

s c a t t e r i n g  c o e f f i c i e n t :  r a t i o  o f  f l u x  g e o m e t r i c a l l y  
i n c i d e n t  on s c a t t e r s  t o  t o t a l  f l u x  on ASA 

s c a t t e r i n g  c o e f f i c i e n t :  r a t i o  of t o t a l  flux s c a t t e r e d  
t o  t o t a l  f l u x  on ASA (a, 2 2 0 )  
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APPENDIX B 

DERIVATION OF THE TOTAL SCATTERED INTENSITY 
OF A S IZE DISTRIBUTION O F  PARTICLES 

For s i m p l i c i t y  i n  the d e r i v a t i o n ,  assume an ensemble 
of N p a r t i c l e s ,  R of  s i z e  parameter  xl, m o f  s i z e  pa rame te r  

t h e  l i g h t  s c a t t e r e d  b y  t h e  ensemble a t  an a n g l e  e f rom t h e  for- 
ward d i r e c t i o n  w i l l  be 

Then t h e  t o t a l  i n t e n s i t y  of  3 '  and n of  s i z e  parameter  x x2 , 

i f  i ( x . )  i s  t h e  i n t e n s i t y  a t  ang le  e of one p a r t i c l e  of  s i z e  
parameter x and i f  the  s c a t t e r i n g  i s  i n c o h e r e n t .  

J 

3 
But i ( x j )  = Eoa(x ) [S( .x . )  t C ] ,  t h a t  i s ,  t h e  i n c i d e n t  

j J 
f l u x  Eoa(x ) ( t h e - i l l u m i n a t i o n  on t h e  p a r t i c l e  t imes  t h e  c r o s s  
s e c t i o n a l  area)  times the  sum of  a s i z e  dependent f a c t o r  S ( x  ) 

p l u s  a non-s ize  dependent  f a c t o r  C .  

c r o s s  s e c t i o n a l  a r e a  o f  t h e  ensemble,  

3 
j 

Hence, w i t h  aTOT the t o t a l  
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But e/N = p k l )  is t he  p r o b a b i l i t y  of f i n d i n g  a p a r t i c l e  of 
s i z e  x1 i n  t h e  ensemble,  and s i m i l a r l y ,  m/N = p(x,)  and n/N = 

p ( x 3 ) .  S u b s t i t u t i n g ,  Equat ion  ( B - 3 )  becomes 

It i s  n o t  s t r i c t l y  l e g i t b a t e  t o  ex tend  t h i s  t o  a con$inuous 
d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s  (and an i n f i n i t e  number of p a r -  
t i c l e s )  s i n c e  "TOT must d i v e r g e  as N becomes large.  
i n  t h e  p r e s e n t  c a s e  N i s  on the o r d e r  o f  1 0  or more (assuming 
dmean = 

mat ion .  I n  t h e  l i m i t  

However, 
4 - 1011, u 2 .Ol) and t h e  i n t e g r a l  p r o v i d e s  a good approx i -  

x ' X  i 

and w i t h  

C = F + R  

SCxZ = DCxI t P b l  

as i n  t h e  body o f  t h i s  r e p o r t ,  w e  have f i n a l l y  t h e  approximat ion  

r 

i s  the mean p a r t i c l e  c r o s s  s e c t i o n a l  area. 
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APPENDIX C 

NEGATIVE EXPONENTIAL DISTRIBUTION: SCATTERED INTENSITY 

The p r o b a b i l i t y  d e n s i t y  f u n c t i o n  w i t h  pa rame te r  2q i s  

-2qx 0 < X  < m  p ( x >  = 2qe - 

With t h i s  d i s t r i b u t i o n ,  

X = l j 2 q  m e  a n  

The c r o s s - s e c t i o n a l  area i s  

2 2  a ( x )  = x x / 4 n  

Hence 

The i n t e g r a l  o f  t h e  f i rs t  term 

- x2qR I” .-2qx J:(gx) x 2 dx 
0 

5 -  2 2  2n 8 
(C-4 )  
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c 

i s  an i n t e g r a l  of t he  form of  Equat ion  1 3 . 2 3 ( 1 )  i n  Watson 
(Refe rence  40)  and can be reduced t o  t h e  form 

2 cos  g 
2 2  2 2 2  2 

dg 
(9 + B  cos g) q q  + B  cos g 

r2 2 - gR 38 
I1 - 2n2B2  F 

which, w i t h  a l i t t l e  man ipu la t ion ,  can be w r i t t e n  

x2 qR 3 k5 /'I2 cos 2 g 

5 dg 0 n 3 

a s t a n d a r d  e l l i p t i c a l  i n t e g r a l  

where 

k2 = B2/(q2 t B 2 )  

and 
2 2 A 2  = 1 - k s i n  g 

F i n a l l y  

- 2 qR 3 k5 [(1-k2)K - (1 -2k2)E  
3 2 2 4IrB 3k (1-k ) 2lT B 

I1 - 

where K and E a r e  the  complete e l l i p t i c  i n t e g r a l s  of t h e  f irst  
and second k i n d s ,  r e s p e c t i v e l y ,  w i t h  modulus k .  

The i n t e g r a l  of the second term 

- uc J1(Bx) x2  s i n ( 6 x ) d x  I2 - - 2 2 n  

(c-7)  

( C - 8 )  



. 
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where 5 = 2q  - 16 

- c3  - 

The i n t e g r a l  i s  i n  th-e form of  V a t s o n ' s  l 3 .2c6 )  

Hence 

Given t h a t  
2 2 1 / 2  l l = c 4 q  + S I  

K = [ ( 4 q 2  - 62 t B 2 I 2  t 169 2 6 2 ] 1/2 

I2 becomes 

where m i s  an i n t e g e r  o r  z e r o .  

Hence 
" 

(c-10)  

(c -12)  

But f o r  ve ry  large q t h e  major  c o n t r i b u t i o n  o t  t h e  i n t e g r a l  
a r i ses  from small v a l u e s  of  x b e f o r e  t h e  f i r s t  z e r o  o f  J1 (Bx)s in (6x)  
i n  Equa t ion  ( C - 8 )  where t h e  i n t e g r a n d  i s  p o s i t i v e .  
be p o s i t i v e -  and m i s  t h e r e f o r e  z e r o .  

Hence I2 must  
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The t o t a l  i n t e n s i t y  i s  then  

+ -  
K 

I 
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. 

The 

and 

To 

APPENDIX D 

U N I F O R M  DISTRIBUTION : SCATTERED INTENSITY 

p r o  b ab i 1 i t  y d e n s i t y  f u n c t i o n  i s  

s i m p l i f y  

B 

Z 

2 2  

s i n  8 

BX 

A x / 4 T  

t h e  c a l c u l a t i o n s ,  

1. P ( x )  = 0 

< x < x  x l -  - 2 

f i v e  assumpt ions  

2 I 2Rsin ( z  - . /4) 
2 3  I T B x  

2 x 1 FF 

are  

z > 1.5 - 

made 

z < 1 .5  ( i n  t h e  c e n t r a l  
maximum) 

- x ) s i n e  = m r ,  m a p o s i t i v e  i n t e g e r  3. (x2 1 
2n + 1) 4 .  x2 s i n e  = (- IT, n a p o s i t i v e  i n t e g e r  
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Then 

and 

Hence 

z 1.5 A2R 
47r2 s i n 4 e  

z > 1.5 - 
3R 

47r s i n 4 e  x 2 mean 
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SMALL TO ABOUT 2.5 WAVELENGTHS. 
THE INTENSITIES OF THE TWO DIRECTIONS OF POLARIZATION,i 1 
ARE SHOWN SEPERATELY. THEIR AVERAGE CORRESPONDS TO THE I USED 
IN THE TEXT. THE LIGHT I S  INCIDENT FROM THE LEFT. FROM REFERENCE 28 

I N THE LAST FOUR DIAGRAMS 
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